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Abstract 

Dislocations  in  quartz  crystals  have  been  known 
to  cause  problems  in  the  fabrication  of  resonators  by  the 
formation  of  etch  channels.  In  addition,  it  is  suspected 
that  they  contribute  to  acceleration  sensitivity,  thermal 
hysteresis,  and  possibly  aging.  The  behavior  of 
dislocations  in  quartz  is  also  of  interest  to  the  Fields  of 
gec^hysics.  seismology,  and  plate  tectonics  because  it 
affects  the  underground  movement  of  rock.  This  paper  is 
a  review  of  the  literature,  including  geophysical  work,  and 
its  implications  for  frequency  control. 

Introduction 

Fundamental  studies  on  dislocations  in  quartz 
have  not  been  a  high  priority  in  the  frequency  control 
community.  Early  work  indicated  that  dislocation 
densities  found  in  cultured  quartz  did  not  adversely  affect 
resonator  performance,  and  since  then,  most  of  the  woric 
has  been  focused  on  how  dislocations  affect  the  processing 
of  resonators.  Etch  channels  and  pits,  which  result  when 
quartz  containing  decorated  dislocations  is  chemically 
etched  or  polished,  decrease  the  mechanical  strength  of  the 
resonators  and  lower  the  yields  in  manufacturing 
processes.  However,  as  the  requirements  for  resonator 
performance  becomes  more  stringent,  the  presence  of 
dislocations  in  resonators  is  likely  to  become  more 
significant  Recent  work  has  shown  that  etch  channels 
dramatically  reduce  the  Q  of  high  frequency  bulk  wave 
resonators.  It  has  also  been  shown  that  the  vibrational 
mode  shape  can  affect  the  acceleration  sensitivity  of 
resonators,  and  X-ray  topographs  clearly  show  that  mode 
shapes  are  distorted  by  dislocations.  Thermal  hysteresis 
and  aging  may  also  be  affected  by  the  presence  of 
dislocations. 

The  properties  of  dislocations  in  quartz  are  also 
of  interest  to  researchers  in  the  fields  of  geology. 


seismology,  and  plate  tectonics.  When  quartz  is  subjected 
to  high  stress  and  temperature,  it  flows  (plastically 
deforms)  through  a  mechanism  involving  the  movement  of 
dislocations.  It  has  been  reported  that  the  ease  with  which 
these  dislocations  move  is  linked  to  the  amount  of  water 
in  the  crystal.  This  effect  has  been  studied  extensively 
over  the  past  twenty-five  years  and  a  large  body  of 
literature  has  been  published  in  the  geophysical  and 
minetalogical  journals. 

The  current  interest  in  UHF  resonators,  low 
acceleration  sensitivity  resonators,  low  hysteresis  and  low 
aging  resonators,  and  the  relatively  untapped  geophysical 
work  make  this  an  ideal  time  for  a  review  paper  on 
dislocations.  In  this  p^r  we  discuss  historical 
background  and  current  theories  of  dislocations  in  quartz. 
Some  of  the  geophysical  Findings  may  be  used  to  help 
explain  results  reported  in  the  frequency  control 
community. 


Observin2  Dislocations 

A  dislocation  is  deFmed  as  a  linear  lattice  defect. 
An  edge  dislocation  is  formed  by  inserting  an  extra  plane 
(or  planes)  of  atoms  into  an  existing  lattice.  A  screw 
dislocation  is  generated  by  displacing  the  lattice  on  one 
side  of  the  dislocation  line  relative  to  the  other.'  The 
Burgers  vector  states  how  much  and  in  what  direction  a 
dislocation  distorts  the  crystal  lattice.  The  Burgers  vector 
of  an  edge  dislocation  is  normal  to  the  dislocation  line 
while  for  a  screw  dislocation  it  is  parallel.' 

There  are  many  ways  to  observe  dislocations  in 
quartz,  some  direct  and  some  indirect.  The  most  common 
technique  in  the  frequency  control  community  is  to  use 
etching  in  order  to  produce  etch  channels.^-^'*  In  this 
method  a  chemical  etchant,  usually  HF,  ammonium 
bifluoride,  or  a  buffered  oxide  etchant  (i.e.  various 
mixtures  of  NH4F’HF  and  HF)  is  used  to  etch  the  quartz. 
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The  etch  channel  density  is  then  counted  (see  standard 
ElA-477-A’>  This  method  is  indirect  and  insufficient  in 
that  the  etch  channels  only  form  if  the  dislocations  are 
decorated  with  impurities/'^  so  not  all  of  the  dislocations 
show  up  as  etch  channels.  Sweeping  moves  the  impurities 
away  from  the  dislocation  sites,  and  for  this  reason, 
etching  will  not  work  at  all  for  swept  quartz.  Another 
technique,  used  by  Moriya  and  Ogawa^,  is  light  scattering 
tomography.  This  method  scans  the  quartz  sample  with  a 
low  power  (in  this  case  a  3  mW)  He-Ne  laser.  The 
scattered  light  is  then  recorded  on  film.  This  apparatus  is 
sensitive  enough  to  observe  both  decorated  and 
undecorated  dislocations  in  quartz  samples  and  it  is  non¬ 
destructive.  Other  methods  include  transmission  electron 
microscopy  (TEM)*'*'‘®  and  X-ray  topography.’'"  A  recent 
improvement  on  standard  X-ray  topography  is  the  use  of 
synchrotron  X-rays  to  attain  very  high  resolution  and  high 
speed  (1  ns)  pictures  of  dislocations  and  strain  rields.”-'’''^ 
This  is  especially  useful  for  looking  at  the  effects  of 
dislocations  on  active  resonators.  If  the  quartz  has  been 
deformed  sufficiently,  as  happens  in  some  of  the 
geophysical  experiments,  the  bands  of  dislocations  cm  be 
seen  with  a  polarizing  microscope.” 

Impact  of  Dislocations  on  Resonators 

The  questions  of  real  interest  for  the  frequency 
control  community  is  how  dislocations  affect  device 
fabrication  and  performance.  First,  consider  the 
fabrication  process.  As  mentioned  earlier,  when  quartz 
containing  decorated  dislocations  is  etched,  channels  form. 
In  HF,  etch  channels  about  1  micron  in  diameter  propagate 
from  the  surface  at  more  than  100  micron^our.  This  is 
much  faster  than  the  bulk  etching  rate."  One  way  to 
reduce  the  number  of  etch  channels  that  form  during 
chemical  polishing  and  etching  is  to  use  swept  quartz. 
However,  this  does  not  reduce  the  dislocation  density. 
Hanson'*  took  X-ray  topographs  before  and  after  sweeping 
quartz  samples  and  no  decrease  was  seen  in  the 
dislocations. 

The  next  concern  is  the  effect  of  dislocations  on 
performance.  A  resonator  property  that  is  often  measured 
and  reported  is  Q.  In  the  past  it  was  commonly  accepted 
that  dislocations  did  not  affect  resonator  Q.  In  1982, 
Iwasaki  and  Kurashige"  fabricated  5  MHz  AT-cut 
resonators  and  found  no  correlation  between  dislocations 
and  mechanical  Q  for  quartz  blanks  with  dislocation 
densities  up  to  lO’/cm’.  In  a  more  extensive  study. 
Meeker  and  Miller”  also  looked  for  a  correlation  between 
the  dislocation  density  and  the  performance  characteristics 
of  8  MHz  fundamental  AT-cut  resonators  cut  from  r-bars. 


They  found  that  not  only  were  the  Q’s  independent  of  the 
dislocation  density,  but  so  were  the  resistance  and 
inductance  of  the  resonators.  However,  they  did  correlate 
the  grown-in  strain  associtated  with  dislocations  to 
abnormal  f-T  behavior.  That  is,  the  dislocations  were 
responsible  for  apparent  angle  shifts  in  resonators  of  up  to 
several  minutes  of  arc.  In  a  recent  article,  Kent'* 
correlated  Q  degradation  with  etch  channels  in  high 
frequency  (45  to  140  MHz)  bulk  wave  resonators  which 
are  chemically  etched  as  part  of  the  fabrication  process. 
In  these  very  thin  resonators  a  single  etch  channel  in  the 
active  area  reduced  the  Q  by  46%.  For  these  resonators, 
Kent  states  that  low  etch  channel  quartz  (either  as  grown 
or  swept)  is  necessary  to  achieve  consistent  Q  values. 
Since  the  dislocation  density  is  unaffected  by  the  sweeping 
process,  it  would  appear  that  for  these  resonators  it  is  the 
presence  of  the  etch  chaimels  rather  than  the  dislocations 
that  degrades  the  Q. 

The  apparent  angle  shifts  in  resonators,  found  by 
Meeker  and  Miller'^  to  be  correlated  with  dislocations, 
suggests  that  dislocations  can  change  the  material 
constants  in  quartz.  In  support  of  this  hypothesis,  James'* 
stated  that  he  found  significant  differences  in  the  elastic 
moduli  in  quartz  of  different  grades.  The  difference 
between  the  grades  was  the  level  of  A1  impurities  and  the 
dislocation  densities  (lO/cm’  for  the  higher  grade  vs.  10’ 
to  10*/cm*  for  the  lower).  Such  changes  in  the  elastic 
moduli  would  be  likely  to  show  up  as  deviations  in  the  f-T 
characteristics  (apparent  angle  offsets). 

Recent  attempts  to  make  resonators  less  sensitive 
to  acceleration  have  not  been  uniformly  successful.  One 
reason  for  this  seems  to  be  that  the  vibrational  modes  are 
not  the  correct  shape  or  in  the  correct  place  to  cancel  the 
acceleration  frequency  offseL®  Several  groups  have 
studied  the  mode  shapes  in  active  resonators  using 
standard  and  stroboscopic  x-ray  topography.' They 
have  found  that  the  presence  of  dislocations  in  the  active 
regions  of  the  resonators  distorts  the  mode  shape, 
enhances  coupling  among  modes,  and  interferes  with  mode 
trapping.  This  means  that  very  low  dislocation  quartz  is 
necessary  for  fabricating  acceleration  insensitive 
resonators. 

Finally,  consider  the  problems  of  hysteresis  and 
aging.  If  dislocations  change  their  positions  during  the 
life  of  the  device,  this  could  contribute  to  aging.  There  is 
no  direct  evidence  that  this  happens”,  but  Gliier  et  al.'’ 
saw  apparent  dislocation  motion  in  stroboscopic  X-ray 
topographs  of  a  vibrating  AT-cut  resonator.  They 
dismissed  this  as  an  illusion  caused  by  the  vibration 
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because  they  didn’t  believe  the  dislocations  could  be 
mobile  at  the  stress  levels  present.  In  a  related  vein, 
Stephenson^  used  electric  potentials  at  elevated 
temperatures  (near  the  alpha-beta  transition)  to  induce 
dislocations  in  nearly  perfect  quartz.  He  states  that  this 
type  of  accelerated  aging  can  anticipate  a  type  of  defect 
that  might  show  up,  in  time,  in  resonators.  If  this  happens 
gradually  over  months  (and  years)  it  could  contribute  to 
aging.  Could  dislocation  movement  also  be  a  factor  in 
hysteresis?  As  the  temperature  is  increased  and  decreased, 
the  dislocations  may  move  to  different  potential  minima, 
changing  the  crystal  constants.  Beaussier^  has  put  forth 
the  proposition  that  slight  plastic  deformations,  associated 
with  the  movement  of  dislocations,  can  cause  an  intrinsic 
hysteresis  in  bulk  quartz. 


Characteristics  of  Dislocations  in  Quartz 

In  cultured  quartz  it  has  been  observed  that 
dislocations  usually  originate  in  the  seed  or  at  inclusions 
within  the  growth  zones.  It  has  also  been  observed  that 
these  dislocations  propagate  nearly  perpendicularly  to  the 
growth  front  in  each  of  the  growth  regions  (-t-x,  -x,  s  and 
z)."  The  angular  distribution  of  dislocations  in  the  growth 
zones  was  used  by  Alter  and  Voigt^  to  show  how  the 
directions  change  when  dislocations  pass  growth 
boundaries.  They  cut  blanks  from  -x,  +x.  z,  r,  and  R 
growth  sectors  and  used  them  as  seeds.  The  degree  to 
which  the  dislocations  would  deviate  from  the  growth 
front  normal  was  predicted  by  an  elastic  energy 
minimization  per  length  model.  The  dislocations  on  the 
■fx  seeds  were  netffly  parallel  to  the  seed.  Meeker  and 
Miller'^  found  two  types  of  dislocations  in  cultured  r  bars. 
The  first  was  uniform  and  slow  etching.  After  these 
dislocations  had  been  etched  into  etch  channels,  there  was 
no  disruption  of  f-T  curves.  The  second  type  were 
clustered,  etched  faster,  and  changed  the  f-T  curves.  The 
dislocations  norma!' .  found  in  the  z  region  of  quartz  bars 
are  thought  to  be  eage  type  and  those  in  the  -t-x  and  -x 
regions  are  screw  type."'“  Given  that  Meeker  and  Miller 
used  r  bars,  and  not  z  cut  seeds,  the  two  types  of 
dislocations  they  observed  may  be  edge  and  screw  type. 
It  is  not  clear,  however,  why  these  dislocations  should 
behave  so  differently.  Iwasaki^  proposed  two  atomic 
models  for  the  edge  dislocations  in  quartz  z  growth  but  the 
Burgers  vectors  of  the  models  do  not  fit  those  determined 
recently  by  Epelboin  and  Patel.”  X-ray  topographs  of 
Bams^  were  examined  by  Epelboin  and  Patel  using  a 
computer  simulation  method.  This  allowed  them  to 
determine  that  two  different  Burgers  vectors  are  present  in 
the  Z  region  dislocation.  These  are 
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The  first  Burgers  vector  is  the  most  prevalent.  An 
example  of  an  edge  dislocation  with  this  vector  is  shown 
in  Fig.  1.  Note  that  the  O  atoms  have  not  been  drawn, 
only  the  Si. 

Over  the  years  various  methods  have  been  tried 
to  reduce  the  dislocation  density  in  quartz.  Doherty  et 
al.^  attempted  to  grow  high  purity  quartz.  Their  aim  was 
low  A1  content  and  low  dislocation  density.  By  using 
very  pure  fused  silica  as  the  nutrient,  gold  lined  vessels, 
and  growing  very  slowly,  (0.16  to  0.35  mm/side/day)  the 
A1  content  was  kept  well  below  1  ppm  (0.01  to  0.2  ppm 
Al)  and  the  number  of  dislocations  introduced  during 
growth  was  reduced.  To  reduce  the  number  of 
dislocations  originating  from  the  seed,  the  seeds  were  cut 
from  high  quality  natural  quartz  which  had  been  inspected 
by  X-ray  topography  for  dislocations.  Using  these 
methods,  the  dislocation  density  of  the  grown  bars  was 
kept  to  less  than  10/cm^.  This  material  also  had  radiation 
induced  offsets  of  less  than  IB'^  Hz/rad.  Armington  et 
al  2»jo.3i  made  an  extensive  study  of  ways  to  reduce 
the  number  of  inclusions  and  dislocations  in  cultured 
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F^ure  1  Edge  dislocation  in  quartz.  Note  that  only  the 
Si  atoms  have  been  drawn,  no  O  atoms  are  shown. 
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quartz.  Some  of  the  methods  which  did  not  improve  the 
quartz  quality  were  sweeping  the  seeds  before  growth, 
doping  the  seeds  to  change  the  lattice  dimensions,  and 
annealing  the  quartz  bars.  In  fact,  the  annealing  seemed 
to  increase  the  strain  around  the  inclusions.  One  method 
that  did  decrease  the  dislocation  density  in  the  grown  bars 
was  growing  on  seeds  cut  from  the  -t-x  region. 
Aldington’s  data  was  inconclusive  on  the  effect  of  silver 
liners  on  dislocations.  Irvine  et  al.^*  at  Sawyer  Rc.search 
also  had  mixed  results  for  silver  liners.  The  typical 
Sawyer  quartz  bar  grown  in  a  silver  liner  had  86 
dislocations/cm^.  showing  that  simply  using  inert  liners 
does  not  automatically  abolish  dislocations.  Another 
aspect  of  dislocation  effects  was  detected  when  Aldington 
analyzed  the  material  swept  from  quartz.  They  found, 
among  other  things.  Al  (this  had  also  been  reported  by 
Gualtieri  aitd  Vig^^).  Aldington  speculated  that  the  Al 
was  swept  along  dislocations  since  it  is  improbable  that  it 
would  be  moving  through  the  c  (z)  channels. 

The  properties  of  quartz,  both  mono-crystalline 
and  as  aggregates,  have  long  been  of  interest  to  geologists 
and  geophysicists.  This  is  partly  because  of  the 
abundarxre  of  this  material  in  the  earth  and  partly  because 
of  its  unusual  properties.  One  of  the  more  important 
aspects  of  these  is  how  quartz  behaves  at  high  stress 
levels.  The  long  term  strengths  and  flow  properties  of 


Figure  2  Fractional  stress  drop  vs.  temperature  for 
natural  and  cultured  quartz. 


rock  is  of  major  importance  to  geophysicists  because  it  is 
critical  to  the  understanding  of  e.g.  earthquake 
seismology.**  The  goal  of  geophysical  research  on  the 
high  temperature  deformation  of  rocks  is  to  determine  the 
stress  and  strain  history  of  the  Earth's  crust  and  mantle. 
This  will  allow  accurate  modeling  of  rock  movement.” 
When  quartz  is  permanently  deformed  by  stress,  it  is  done 
so  through  the  movement  of  dislocations.  Geophysicists 
arc  interested  in  using  dislocation  density  to  infer  the 
stresses  experienced  by  the  samples  while  underground. 

Natural  quartz  is  unusual  in  the  sense  that  the 
combination  of  high  strength  combined  with  low  elastic 
constants  mcaiis  that  very  large  elastic  deformation  of 
single  crystals  is  possible.'  With  dry  natural  quartz,  there 
is  a  change  in  the  response  to  an  applied  strain  at  around 
7(X)  degrees  C.**  At  this  temperature  there  is  a  change 
that  allows  plastic  deformation.  This  yield  temperature  is 
much  lower  for  cultured  (and  for  natural  quartz  that  has 
water  added  during  the  experiment)."*  These  yield 
temperatures  are  dependent  on  the  amount  of  water  in  the 
crystals  (see  Fig.  2).  For  cultured  quartz  the  yield 
temperature  ranges  from  650  degrees  C  for  1000  ppm 
H/Si  to  380  degrees  C  for  9000  ppm  H/Si  (here  the  H 
content  was  calculated  from  the  3  pm  IR  absorption 
band).'  In  the  plastic  deformation  of  the  quartz,  this 
movement  is  accomplished  by  dislocation  propagated 
slip."*  That  is.  the  movement  of  dislocations  allows  bulk 
plastic  flow.  The  slip  planes  in  quartz,  which  correspond 
to  preferred  directions  for  dislocation  movement,  have 
been  determined.^*  Tullis”  notes  that  there  is  a  critical 
weakening  pressure  in  the  same  sense  that  there  is  a  yield 
temperature.  After  quartz  is  plastically  deformed,  high 
dislocation  densities  appear.  Hobbs  examined  cultured 
quartz  that  had  been  permanently  deformed  at  300  to  400 
degrees  C  using  TEM  and  found  large  numbers  of  tangled 
dislocation  lines.” 

One  of  the  first  theories  which  considered  the  role 
of  water  in  dislocation  movement  was  the  Frank-Griggs 
model*.  In  the  Frank-Griggs  model  (Fig.  3).  the  effect  of 
water  weakening  is  explained  by  the  hydrolyzing  of  0-Si 
bonds.'  This  supposedly  makes  the  movement  of  the 
dislocations  easier  because  the  O-H  bonds  are  easier  to 
break  than  0-Si.  Recently,  McLaren  et  {d.'”  looked  al  the 
problem  of  water  weakening  using  TEM.  They  found  that 
when  wet  quartz  is  heated,  water  bubbles  expand  and 
generate  dislocation  loops.  These  loops  can,  given  time, 
connect  several  water  bubbles.  They  clai'n  that  the  OH 
terminations  do  not  moKe  the  dislocations  glide  easier. 
Inrtead,  when  tlie  quartz  is  heated,  the  bubbles  expand 
tscc  F.5.4)  and  generate  the  dislocations  needed  for 
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Figure  3  Frank-Griggs  mechanism  of  dislocation  movement.  (A)  Hydrolyzed  edge  dislocation  with  anhydrous  neighbors. 
(B)  Neighboring  Si-O-Si  bond  hydrolyzed  by  water  migration.  (C)  Dislocation  moves  by  exchange  of  hydrogen  bond. 
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dislocation  propagated  slip  to  occur.  This  explains  the 
incubation  time  (the  delay  between  the  time  the  sample 
was  loaded  and  when  the  first  signs  of  strain  are  detected) 
found  in  some  experiments.  This  also  explains  the  results 
Armington  et  al.^'  reported  after  annealing  cultured  bars. 
As  mentioned  earlier,  Armington  et  al.  found  that  the 
strain  around  the  inclusions  was  increased  after  annealing, 
and  in  the  same  paper  they  stated  that  most  of  the 
dislocations  in  their  quartz  were  voids,  partially  fdled  with 
liquid.  These  may  correspond  to  the  bubbles  seen  by 
McLaren.  Brice”  has  conducted  experiments  in  which  the 
alpha  ( the  infra-red  absorption  coefficient  at  3S(X)  cm  ', 
proportional  to  H  content)  is  shown  to  be  correlated  to 
dislocation  density.  That  is,  the  dislocation  density  can  be 
estimated  from  alpha  (Q,k).  Samples  with  higher  alpha’a 
(lowCT  Q’s)  have  higher  dislocation  densities.  This  can  be 
fit  to  the  curve 


log„  »  5.00  *  0.48  ♦  2.5  k>g„  a 


where  is  the  dislocation  density  (cm'^  and  a  is  in  cm  '. 
Furthermore,  quartz  from  different  manufacturers  yield 
different  lines.  Brice  feels  that  this  difference  in  the  alpha 
vs.  dislocation  density  plots  for  quartz  from  different 
suppliers  is  more  supportive  of  the  Griggs-Frank  model  as 
opposed  to  the  McLaren  model. 


Figure  4  McLaren  model  of  dislocation  formation.  (A) 
Bubble  in  quartz  proir  to  heating.  (B)  Expansion  of 
bubble  through  the  incorporation  of  water. 
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Summary 

It  has  been  shown  in  the  geophysical  work  that 
dislocations  definitely  can  move  in  quartz.  However,  all 
of  that  work  was  done  at  high  temperatures  and  pressures. 
It  remains  to  be  seen  whether  or  not  dislocations  can  be 
formed,  or  are  mobile  under  the  conditions  present  during 
the  fabrication  and  operation  of  resonators.  One  area  tiiat 
was  not  covered  in  the  publications  reviewed  here  was  the 
possibility  of  reducing  the  dislocation  density  through  post 
growth  pressure  treatment  The  possibility  of  moving 
dislocations  out  of  the  active  areas  in  resonator  blanks  is 
very  appealing  and  deserves  to  be  investigated. 

In  parallel  with  these  experimental  studies,  a 
theoretical  basis  for  the  behavior  of  dislocations  in  quartz 
needs  to  be  developed.  Heggie,  et  al.^^**^  have  published 
several  papers  studying  the  dislocation  lines  in  alpha 
quartz  using  atomic  models  with  Keating  type  interatomic 
potentials.  While  this  is  useful  for  detennining  which 
dislocations  are  possible,  it  is  essentially  a  static  process. 
Pontikis'*^  recently  made  the  point  that  computer 
molecular  dynamics  (MD)  techniques  are  very  well  suited 
for  examining  the  movement  of  dislocations  in  crystals. 
With  MD  simulations  it  would  be  possible  to  better 
interpret  the  dislocation  experiments  suggested  in  the  last 
paragraph.  Also,  it  is  possible  to  perform  simulations  of 
P-T  conditions  that  would  be  difficult  and  costly  to  do  in 
experiments. 
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ABSTRAa  INTRODtaiON 


it  was  observed  that  Ag  ions  noved  froa  the  anode  to 
cathode  with  higher  aobility  than  those  of  Au  and  that 
the  residual  Ag  was  closely  corresponded  to  the 
substitutional  alainua  iapurity.  The  entire  Ag  is  used  up 
on  alainua  for  charge  coapensation  to  fora  the 
association  Al-Ag*.  The  diffusion  of  Ag  in  an  air 
atoBosphere  has  the  saae  etch  channel  reducing  effect  as 
the  diffusion  of  Au. 

The  line  defects  observed  by  X-ray  topography 
before  and  after  sweeping  were  not  changed  by  sweeping 
under  any  conditions.  It  was  confiraed  the  total  nuaber 
of  etch  pits  and  channels  roughly  the  saae  as  a  nuaber 
of  line  defects  detected  by  X-ray  topography  and  that 
electrodiffusion,  though  it  reduced  the  etch  channel 
density,  did  not  change  the  total  nuaber  of  line  defects. 

In  coaparing  the  results  of  iapurity  analysis  of 
the  saaples  before  and  after  electrodiffusion,  it  was 
seen  that  Na*  and  Li*  were  easily  diffused  to  the  outer 
surface  of  the  crystal,  while  the  concentrations  of  AU*. 
K*.  Ca**.  and  Mg**  were  not  changed.  The  iapurity 
analysis  of  the  unswept  saaples  showed  that  Ca**  and  Mg** 
significantly  decreased  with  the  foraation  of  etch 
channels  without  any  change  in  the  concentrations  of  Na*. 
Li*.  K*.  and  AU*.  Therefore,  it  appears  Ca**  and  Mg** 
are  localised  to  the  highly  distorted  lattice  surrounding 
a  line  defect  and  are  preferrentially  reaoved  during  etch 
channel  foraation. 


It  is  well  known  that  electrodiffusion  (sweeping) 
reduce  the  foraation  of  etch  channels.  This  effect, 
is  influenced  by  the  electrodiffusion  conditions, 
including  the  electric  field  strength,  electrode  type 
and  ataosphere. 

The  etch  channel  foraation  conditions  differs 
according  to  whether  electrodiffusion  takes  place  in  a 
vacuua  or  air  ataosphere.  Vacuua  electrodiffusion 
produces  etch  channel  free  eleaents. [I]  If  done  in  air. 
however,  the  iapurities  originally  present  in  the 
crystal,  diffuse  to  the  cathode  and  the  airbone 
iapurities  are  taken  up  by  the  crystal  froa  the  anode. [2] 

Electrodiffusion  perforaed  in  a  nitrogen  ataospere 
leads  to  the  saae  result  as  vacuua  electrodiffusion,  in 
that  the  synthetic  crystal  with  a  high  etch  channel 
density  is  converted  to  an  etch  channel-free  crystal.  [3] 
If  electrodes  of  Cr  and  Au  evaporated  aetal 1 ization  are 
applied,  etch  channels  are  not  fora  even  when 
electrodiffusion  is  carried  out  in  an  air  ataosphere. 

Extensive  research  was  carried  out  on  etch  channels 
in  quartz  crystal. (5] -[12]  Etch  channels  are  foraed  as  a 
result  of  the  presence  of  line  defects  in  the  quartz 
crystal  and  of  iapurities  segregating  out  along  such 
line  defects.  These  iapurities  have  a  highly  selective 
solubility  vis  a  vis  the  etchant.  The  aechanisa  by  which 
etch  channels  are  reduced  through  electrodiffusion, 
however,  has  not  been  fully  expained  .  The  present  study 
was  undertaken  with  a  view  to  Baking  this  aechanisa 
clear.  To  establish  the  relationship  between  the 
reduction  in  etch  channel  density  and  the  electrodiffusion 
conditions,  the  latter  were  systeaatically  altered  in  this 
investigation. 
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The  diffusion  of  silver  lAg)  into  quartz  crystals  in 
an  air  atonosphere  has  the  same  etch  channel -reducing 
t'ffect  as  the  diffusion  of  gold  (Au)  .  The  diffused  Ag 
forms  a  layered  deposition  on  the  cathode. 

The  Au  and  Ag  diffusion  time  and  amount  play  a 
decisive  role  in  the  process  of  reducing  the  quartz 
(■rystal's  etch  channel  density.  Diffused  Ag.  in 
paticular.  imparts  an  electrical  charge  to  A1  to  form 
Al-Ag*. 

The  total  number  of  etch  pits  and  etch  channels  was 
roughly  identical  with  the  number  of  line  defects 
detectable  by  X-ray  topography.  There  were  no  observable 
changes  in  the  number  of  dislocations  before  and  after 
electrodiffusion. 

It  is  possible  to  detect  calcium  and  magnesium  in  the 
vicinity  of  the  line  defects  giving  rise  to  the  formation 
of  etch  channels.  The  amount  of  calcium  impurities  is 
correlated  to  the  etch  channel  density.  These  impurities 
are  not  swept  by  electrodiffusion  suggesting  that  the 
line  defects  responsible  for  etch  channel  formation  are 
Ca**  and  Mg**-containing.  high-strain  defects,  with  the 
strain  energy  reducing  the  activation  energy  required  for 
the  etchant.  Electrodiffusion  relieves  this  strainand 
thus  prevents  the  formation  of  etch  channels.  Au  and  Ag 
di fusion  and  use  of  a  vacuum  atmosphere  inhibit  the 
ingress  of  impurities  and  are  therefore  effective  in 
achieving  strain  relaxation. 

EXPERIMENTAL 

Fig. 1  shows  the  experimental  equipment  and  Table  I 
an  example  of  the  electrodiffusion  conditions.  Both 
surfaces  of  the  specimen  were  metallized  with  the 
electrode  material  by  vapor  deposition.  The  electrodiffusion 
conditions  were  systematically  altered  to  observe  the 
resulting  diffusion  process  and  etch  channel  formation. 
The  high-voltage  supply  used  in  the  experiments  was  a 
RHR10PN60  unit  manufactured  by  SPELLMANN  and  the  ammeter  a 
Digital  Multi-Meter  Unit  6552  by  Yokogawa.  A  constant 
voltage  was  applied  from  the  inception  of  heating  until 
the  specified  temperature  was  reached.  The  electric  field 
was  applied  after  the  specimen  was  heated  to.  and 
maintained  at.  this  specified  temperature  until  its 
temperature  dropped  to  ambient  temperature.  The  current 
wcis  recorded  at  regular  intervals. 


FIG.  1.  Outline  of  Experimental  Equipment 


TABLE  I  .  Electrodiffusion  Conditions 


Temperature 

500  -  560  r 

Electric  Field  Strength 

1000  -  2000  V/cm 

in  7.  axis  direction 

Atmosphere 

Air 

Electrodiffusion  Time 

Time  unti 1  current 

reaches  a  constant  value 

The  specimen  was  etched  with  hydrofluoric  acid  at  100X1 
in  a  Teflon  pressure  vessel.  For  observation,  a  microscope 
with  50-fold  magnification  was  used.  To  determine  the 
presence  of  Al-OH*  before  and  after  electrodiffusion,  the 
specimen  was  cooled  to  78K  for  mesurement  with  an 
infrared  spectrometer  (JASCO  A-702) .  The  specimen's  line 
defect  were  assessed  by  X-ray  topography. 

ICP  atomic  emmission  spectrometry  was  used  to 
analyzed  the  impurities.  Due  to  the  poor  sensitivity  for 
potassium,  however,  flameless  atomic  absorption  analysis 
was  used  to  analyze  this  element.  The  specimen  was  ground 
using  a  glove  box.  in  a  cleanroom  controlled  to  strict 
cleanliness  standards.  In  order  to  prevent  contamination 
due  to  the  grinding  operation,  it  was  not  ground  to  a 
fine  powder  but  totally  dissolved  by  the  pressur-zed 
dissolving  method,  using  high-purity  HF.  To  avoid  error, 
the  acidity  of  the  specimen  prepared  in  the  cleanroom  is 
the  same  as  that  of  the  measurement  line  standard.  The 
detection  limit  for  A1  is  lOppb  and  for  Na.  K.  Li.  Ca. 
and  Mg  are  Ippb.  The  accuracy  of  the  analysis  is  therefore 
±5%  in  either  case. 
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RFSILTS  Ag  diffused  in  an  air  alBosphere  »ill  initially  build  up 

on  the  cathode  and.  with  further  progress  of  the  diffusion 
process,  gradually  for«  layered  deposition  in  the  quartz 
figs.  Z  and  3  show  the  current  density  values  crystal.  Fig.  4  shows  a  cross  section  of  the  layered 
neasured  in  24  hour  electrodiffusion  experi«enls  carried  deposition  near  the  cathode.  Layered  depositions  exhibit 
out  with  Au  and  Ag  as  the  electrode  aaterials.  Au  and  Ag  netallic  luster, 
diffusion  have  differnt  current  density  vs.  ti«e 
prof i les. 


I  2oL  / 


5  loh  ! 


0  12  24  36  48 

Time  (hours) 

FIG.  2.  Changes  in  Temperature  and  Current  Density  during 
Au  Diffusion  vs.  Tine 


S'  200  1-  / 


5  100  h  / 


Cathode 


2mm 


0  12  24  36  48 

Time(hours) 

FIG.  3.  Changes  in  Temperature  and  Current  Density  during 
Ag  Diffusion  vs.  Time 

In  Au  diffusion,  the  current  density  rises  with  rise 
in  temperature.  At  the  hold  temperature,  the  impurities 
inside  the  crystal  are  swept,  while  the  current  density 
drops.  F.lectrical  conductivity  is  attributed  to  M*  ion 
migration  along  the  tunnels  existing  parallel  to  the  c 
axis  in  the  crystal. [15]  The  consunption  of  the  cathode 
after  olectrodi ffusionwith  Au  suggests  that  Au  diffuses 
as  a  negatively  charged  ion.  Ag.  however,  diffuses  from 
the  anode  to  cathode  as  a  positively  charged  ion. 


FIG.  4.  Layered  Deposition  Pattern  Occurring  during  Ag 
Diffusion  in  an  Air  Atmosphere 

F.lcctrodi  ffusion  of  Ag  in  a  vacuum  atmosphere  does 
not  lead  to  the  formation  of  a  layered  deposition. 
Instead,  it  completely  deposits  on  the  internal  surface 
of  the  quartz  crystal.  Fig.  5  shows  the  Ag  deposition 
pattern  during  electrodiffusion  in  a  vacuum  atmosphere. 


The  Ag  diffusion  pattern  in  an  air  atmosphere  is  FIG.  5.  Cathodic  Ag  precipitation  in  Vacuum  F.lectrodi ffusion 
substantially  different  from  that  in  a  vacuuii:  atmosphere. 


II 


The  analysis  results  at  tach  stage  of  the 
eletirodi ffusion  process  are  indicative  of  the  stale  of 
the  diffused  substances  and  the  impurity  sweeping 
conditions.  These  results  are  most  significant  because  of 
the  extensive  information  they  provide. 

Table  II  represents  the  analysis  data  for  a  specimen 
subjected  to  Au  ui ffusion.  Na  and  Li  are  swept  from  the 
quartz  crystal  as  a  result  of  electrodiffusion  while  the 
electrode  Au  is  diffused  into  the  crystal. 

TABLE  II  .  Changes  in  Impurity  Levels  Before  and  After  Au 
Diffusion 


Element 

Before 

After 

Sweeping 

Sweeping 

Al 

4.20 

4.44 

Na 

0.61 

0.003 

Li 

1.  10 

0.001 

Au 

N.D. 

0.002 

(unit  ppm) 

Table  III  shows  the  analysis  results  obtained  with  an 
electrodiffusion  specimen  subjected  to  .*g  diffusion.  The 
analyzed  specimen  was  taken  from  a  location  in  the  ctvstal 
which  had  no  Ag  depositions.  Na.  Li.  are  swept  from  the 
quartz  crystal  as  a  resultt  of  electrodiffusion  while  the 
electrode  Ag  is  diffused  into  the  crystal.  The  amounts  of 
Al.  K.  Ca.  and  Mg  do  not  change.  The  total  of  the  atomic 
ratios  for  Na.  Li.  and  K  before  electrodiffusion  is 
roughly  the  same  as  the  atomic  ratio  for  Al.  This  suggests 
that  all  M'  iona  lead  to  svibst  i  tut  i  'e  Al  charge 
compen.sation. 

Figs.  6  and  7  show  the  analysis  results  for  the 
impurity  concentrations  as  they  change  in  the  course  of 
time  during  Au  and  Ag  electrodiffusion.  At  the  beginning 
of  electrodiffusion.  Ag  is  present  in  the  quartz  crystal 
in  high  concentration  and  the  atomic  ratio  of  this 
concentration  is  roughly  equal  to  the  atomic  ratio  of  Al. 

The  electrodiffusion  process  results  in  the  sweeping 
away  of  Na  and  Li  so  that  their  concentrations  decrease. 
This  is  accompanied,  in  part,  with  the  formation  of 
Al-OH.  as  is  evidence  by  the  appearance  of  a  78K  infrared 


absorption  band.  The  formation  of  Al-UH.  however,  takes 
place  to  a  lesser  extent  with  Ag  diffusion  rather  than  Au 
diffusion.  Fig  S  and  9  show  the  diffusion  time  and  the 
proportion  of  the  impurities  ions  versus  the  concentration 
of  aluminum  .ons.  The  data  of  Fig.  9  show  that  the  entire 
.\g  is  used  up  on  Al  for  charge  compensation  to  form  the 
association  AlAg'.  It  seems  that  analyzing  the  residual 
Ag  is  to  provide  the  most  reliable  testing  method  for 
complete  aluminum  which  substitute  Si  in  quartz  crystal. 

Table  111.  Change  in  Impurity  Levels  Before  and  After  Ag 
Diffusion 


r  unit  upper  ppm  | 

>  lower  ppma  ' 

Tables  IV  and  V  represent  the  etch  channel 
formation  in  the  specimen  on  electrodiffusion  of  Au  and 
Ag.  respectively.  Electrodiffusion  was  performed  by 
changing  the  applied  voltages  to  suit  the  different  etch 
channel  densities  of  the  samples.  Table  IV  refers  to  the 
sample  s  etch  channel  formation  pattern  in  the  case  of  Au 
and  Table  V.  in  case  of  Ag  diffusion. 
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HG.  6.  Changes  in  Impurity  Concentration  in  a  Quartz 
Crystal  Associated  with  Au  F.lectrodif fusion 


FIG.  7.  Change.s  in  Impurity  Concentration  in  a  Quartz 
Crystal  Associated  with  Ag  Electrodiffusion 


FIG.  9.  Diffusion  Time  and  the  Proportion  of  the  Impurities 
Ions  versus  the  Concentration  of  Aluminum 
Ions  in  the  Ag  Diffused  Quartz  Crystals 


TABLE  IV.  Au  Diffusion  Conditions  vs.  Etch  Channel  Formation 
Pattern 

(After/Before  Sweeping) 


Electric  Field 

Etch  Channel  Density  (cm*) 

(V/cm) 

<20  <  =.0  <  500  <1000  <2500 

2000 

0/  32  0/  231  0/  721  0/2200 

1000 

0/  33  0/  274  0/  863  0/2314 

500 

0/  34  0/  228  1/  767 

250 

0/  11  0/  30  1/  249  8/  746 

TABLE  V.  Ag  Diffusion  Conditions  vs.  Etch  Channel  Formation 
Pattern 

(After/Before  Sweeping) 


Electric  Field 

Etch  Channel  Density  (cm*) 

(V/cm) 

<20  <  50  <  500  <1C00  <2500 

1000 

-  -  -  -  0/2139 

500 

0/791  0/2256 

250 

0/  34  0/  264  1/  738  0/2573 

125 

0/  10  0/  33  1/  259  0/  764  0/2166 

FIG  A.  Diffusion  Time  and  the  Proportion  of  the  Impurities 
Ions  versus  the  Concentration  of  Aluminum 
Ions  in  the  Au  Diffused  Quartz  Crystals 
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rh.innols  cm*. 

\K  has  a  hiKhof  motiilily  t  tian  Au  so  that  it  is 
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l.ihli'  Vi  civi's  the  I■l■,sull.s  of  conniar  i  on  th<-  otch  1  l(i.  10.  litrhinK  Surface  Before  ;iiid  After  Au  fleet  rixli  f  fusion 
rli.innel.  etch  pit,  anil  line  ilefeil  nnmhers  before  and 
aft  er  elect  rndi f fusion. 


Ibe  elih  channel  and  etch  pit  cmint  mere  t.iken 
after  etchiru:  an  AT  plate  and  count  iruj  under  a  micro.scope 
at  'lO  fold  nat'li  I  f  i  rat  i  on .  The  line  defect  count  wa.s 
determined  h,y  calciilatinn  from  an  X  ray  topography  image 
of  a  Y  plate  iirepared  from  ttie  same  speciiiK'n. 

The  data  show  that  the  line  defect  count  detected  by 
\  ray  topography  shows  practically  no  i  hange  between  the 
values  before  and  after  diffusion.  Nor  did  the  etch  pit 
ronnl  present  any  significant  change.  The  sura  total  of 
etch  chapnel  and  etch  pit  counts  before  diffusion  is  in 
itnod  agreeraent  with  the  line  defect  number  detected  by 
X  ray  topography.  Thus  the  etch  channel  count  is  reduced 
hv  the  diffusion  operation,  hut  ttie  line  defect  density 
does  not  change. 


N 


N" 


lal  before  Ag  eloctrodi ffusion 


N 


O-Sinin 


(hi  after  Ag  el  retrod  if  fusion 

TKi.  11.  Ttching  Surface  Before  and  Affer  Ag  Fleet rodi ffusion 
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TABLE  VD.  Changes  in  lapurity  Concentration  in  the  Quartz 
Crystal  Before  and  After  Etch  Channel  Eoraation 


TABLE  VI.  Etch  Channel  and  Etch  Pit  Counts  as  »ell  as  Line 
Defect  Nuiiber  (defects/c«*)  Detected  by  X-ray 
Topography.  Before  and  After  Au  Electrodiffusion 
(etch  channel/  etch  pit/  line  defect) 


Electric  Field 

(V/cm) 

Before 

Flectrodiffusion 

After 

Electrodiffusion 

250 

11/78/85 

0/67/83 

500 

1 1/64/79 

0/72/84 

1000 

10/66/80 

0/64/79 

2000 

10/69/81 

0/74/86 

Some  very  interesting  results  were  obtained  for  the 
changes  in  iiwpurity  concentration  before  and  after  etch 
channel  for«ation  in  the  saaple  that  had  not  been  treated 
by  electrodiffusion  (TABLE  VD. ) . 

It  can  be  seen  that  the  sun  total  of  the  atonic 
ratios  for  Na.  Li.  and  K  is  in  very  good  agreement  with 
the  atonic  ratio  for  Al.  This  suggests  that  the  M‘  ions 
are  all  present  in  a  charge-compensating  capacity 
imparting  a  charge  to  Al  by  way  of  substitution.  Al  and 
the  Na.  Li.  and  K  ions  associated  with  it  do  not  change 
after  etching  as  compared  with  the  concentrations  before 
etching.  This  suggests  that  the  defects  due  to 
substitutional  manner  completely  related  to  the  etch 
channels. 

The  Ca  and  Mg  concentrations,  however,  are  reduced 
as  a  result  of  the  formation  of  etch  channels.  This 
indicates  that  Ca  and  Mg  segregate  out  in  the  proximity 
of  the  etch  channels.  The  analysis  data  for  quartz 
crystals  with  a  high  etch  channel  density  include  a  large 
amount  of  Ca  impurities  and  there  is  a  correlation 
between  the  two  impurities  (Fig.  12). 


Element 

Before 

After 

Etching 

Etching 

Al 

1.19 

1.39 

2.65 

3.10 

Na 

0.08 

0.08 

0.21 

0.21 

Li 

0.24 

0.39 

2.08 

3.38 

K 

0.01 

0.02 

0.02 

0.03 

Ca 

0.09 

<0.00, 

0.13 

<0.00, 

Mg 

o.ou 

0.00, 

0.04 

0.00, 

unit  upper  ppa 
lower  ppma 


Fig. 13  shows  the  etch  channel  density  and  the 
proportion  of  the  atomic  ratio  for  Na.  Li.  and  K  versus 
the  atomic  ratio  for  Al.  In  a  specimen  with  a  low  etch 
channel  density  the  Al  atomic  ratio  and  the  atomic  ratio 
for  the  alkali  metal  ion  impurities  as  a  whole  are  in 
good  agreement.  As  the  etch  channel  density  increases, 
the  total  of  the  atomic  ratios  of  the  alkali  metal 
impurities  becomes  greater  than  the  Al  atomic  ratio.  The 
total  of  alkali  atoms  after  etching,  however,  is  in 
agreement  with  the  atomic  ratio  for  Al. 
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EtchChannel  Density 
(Channels/  cm^) 

Fig.  12.  Anount  of  Calciun  Inpiirities  in  the  Quartz  Crystal 
vs. Etch  Channel  Density 

In  a  quartz  crystal  with  a  high  etch  channel  density. 
M‘  ions  can  be  found  in  the  proximity  of  the  etch  channel- 
forming  line  defects,  in  addition  to  Al-M’  associations 
which  substitute  Si  in  the  quartz  crystal. 


EtchChannel  Density 
(Channels/cm^) 


Etch  Channel  Density 
(Channels/cm^) 

FIG.  13.  Comparison  of  A1  and  Alkali  Impurity  Atomic  Ratios 
Before  and  After  Etching 


Fig.  14  shows  the  etch  channel  counts  on  the  anode 
and  cathode  surfaces  changing  with  Au  diffusion  time.  The 
quartz  crystal’s  pre  di ffusion  etch  channel  density  was 
ll/cm“.  The  etch  channels  were  found  to  decrease  at  the 
cathode  first  and  at  the  anode. 


FIG.  14.  Changes  in  Etch  Channel  Density  vs. Diffusion 
Time  (Etch  Channel  Density  of  Blank  =  ll/cm*) 

DISCUSSION 

Ca  and  Mg  are  present  in  the  proximity  of  etch 
channel-forming  line  defects,  and  these  divalent  impurity 
elements  are  not  swept  away  by  electrodiffusion.  This 
indicates  that  selective  Ca  and  Mg  etching  does  not  lead 
to  the  formation  of  etch  channels. 

The  line  defects  giving  rise  to  the  formation  of 
etch  channels  form  high-strain  sites  to  the  extent  that 
divalent  ions  are  present.  These  have  a  high  selective 
solubility  with  respect  to  the  etchant,  thus  leading  to 
the  formation  of  etch  channels. 

X-ray  topography  has  shown  that  the  line  defects  are 
not  eliminated  by  electrodiffusion.  The  reduction  in  etch 
channel  density  is  thus  not  due  to  a  decrease  in  the 
dislocation  density. 

When  electrodiffusion  is  performed  in  an  air 
atmosphere  there  is  a  time  difference  for  the  reduction 
in  etch  channel  density  at  the  anode  and  cathode.  This 
difference  shows  that  metal  diffusion  is  required  for 
reducing  the  etch  channel  density.  The  presence  of  metals 


prevents  the  ingress  of  iapurities  from  the  atoaosphere 
during  electrodiffusion  and  is  thus  effective  in 
achieving  strain  site  relaxation. 

When  Ag  is  diffused  in  an  air  ataosphere.  la>erd 
depositions  gradually  fora  in  the  quartz  crystal  froa  the 
cathode  surface.  Ag  disperses  in  the  quartz  crystal  as  a 
positively  charged  ion  in  the  fora  of  Ag*.  This  Ag*  is 
reduced  by  the  negatively  charged  substance  entering  froa 
the  cathode  with  the  formation  of  aetallic  Ag.  When 
electrodiffusion  is  conducted  in  a  vacuua  ataosphere. 
however.  Ag  precipitates  on  the  cathode  without  the 
foraation  of  layered  depositions  since  there  is  no 
ingress  of  negatively  charged  ions. 

In  the  absence  of  intruding  negatively  charged  ions, 
however,  the  strain  energy  of  the  line  defects  is 
sufficiently  relieved. 

CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the 
present  experiaental  study. 

1.  The  formation  of  etch  channels  is  due  to  the 
occurrence  of  line  defects  with  such  a  large  strain 
energy  that  Ca**  and  Mg**  impurity  ions  can  be  present. 
Electrodiffusion  is  effective  in  relieving  this  strain 
energy  so  that  a  reduction  in  the  nuaber  of  etch  channels 
is  thus  possible. 

2.  When  electrodiffusion  takes  place  in  an  air 
atmosphere,  the  strain  energy  of  the  line  defects  is 
adequately  relieved.  This  may  be  attributed  to  the 
diffusion  of  the  airborne  impurities  into  the  quartz 
crystal.  Our  experimental  studies  are  to  be  continued  to 
shed  more  light  on  this  question. 

3.  Our  electrodiffusion  experiments  in  air  and  in  a 
vacuum  using  Au  and  Ag  electrodes  have  demonstrated  that 
electrodiffusion  prevents  the  diffusion  of  airborne 
impurities  into  the  quartz  crystal. 
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Question  I 

How  were  the  concentration  measureaents  made  over  the  time  of 
sweeping?  Were  identical  bars  used  with  different  sw^ep  timeTfor 
each  -  or  was  the  experiment  intercrystal  and  slices  removed? 


Answer: 

times  different  electrodiffusion 

1^'  J  assumed  that  the  samples  which  were  cut  from  identical 

properties.  I  prepared  eiS 
were  made  from  one  lumbered  bar.  Six  samples  out  ^of 
eight  were  used  to  measure  the  change  of  impurities  concentration 
s^ciLiS®  ®l®ctrodif fusion.  Two  samples  were  preserved  as  reference 

sample  was  maintained  with  different  specified 

chemical  analysis.  The  method 

that  after  removing  spe.iaen  from  the  bar,  identical  bar  was 
resumed  sweeping  again  was  not  adopted. 

Before  electrodiffusion.  i  inspected  the  number  of 

channel  density.  Inclusion  makes  small^Scks  in 
the  quarts  crystal  during  sweeping  process  and  diffused  or  Ao 
precipitates  at  such  cracks.  These  precipitations  cause  chemical 
^alysis  errors.  For  the  Inspection  of  etch  channel  lenity 
speciTCns  which  were  cut  from  each  sample  were  etched  with  49%  Jf 
solusion  at  lOOr  in  a  Teflon  pressure  vessel  if 

TeZlia.  aifference. 
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Question  2 


What  evidence  is  there  that  sweeping  relieves  strain  -  since  X 
ray  diffraction  topographs  taken  before  and  after  sweeping  show 
little  or  no  difference? 


Answer: 

I  think  that  the  line  defect  condition  must  be  compared  with 
before  and  after  electrodiffusion  using  same  specimen  by  X-ray 
topography.  The  specimen  for  X-ray  topography  is  too  thin  to  diffuse 
Au  or  Ag.  After  the  comparison  of  X-ray  topography  results  with 
defferent  diffusion  times,  I  did  not  conclude  whether  there  was 
difference  or  not.  Maybe  the  distorted  field  was  too  small  to 
detect  any  difference  by  our  X-ray  topography  equipment. 

The  results  of  observation  on  etched  surface  of  AT-  and  ST-cut 
wafer  show  two  kind  of  defects.  One  defect  forms  etch  pit  and  etch 
channel  and  the  other  defect  forms  only  etch  pit.  In  my  opinion, 
these  two  defects  can  be  detected  by  X-ray  topography  as  line 
defects. 

Chemical  quantitative  analysis  results  show  that  amount  of 
calcium  impurities  in  Z  growth  region  is  reduced  in  the  case  of 
etch  channel  formation.  I  found  good  relationship  between  the 
amount  of  calcium  impurities  and  etch  channel  density.  At  first,  I 
thought  that  calcitim  impurities  have  high  solubility  vis-a-vis  the 
etchant  and  that  selective  dissolving  causes  the  formation  of  etch 
channels. 

Chemical  analysis  results  of  swept  quartz  crystals,  however, 
show  that  calcium  impurities  are  not  swept  by  Au  or  Ag 
electrodiffusion.  Au  or  Ag  electrodiffusion  produce  etch  channel 
free  elements  in  spite  of  seeing  no  reduction  of  calcium  impurities. 

Second,  1  supposed  that  the  disapperance  of  line  defects  is 
the  cause  of  etch  channel  reduction.  I  counted  the  line  defects 
detected  by  X-ray  topography.  There  were  no  observable  changes, 
however,  in  the  number  of  line  defects  before  and  after 
electrodiffusion. 

Finally,  I  assumed  that  there  are  two  kinds  of  line  defect. 
One  is  just  mismatched  lattice.  The  other  defect  is  highly 
distorted.  I  presumed  that  highly  distorted  defects  are  surrounded 
highly  distorted  field.  Divalent  impurities  such  as  calcium  and 
magnesium  are  trapped  in  this  highly  distorted  field.  Trapped 
divalent  impurities  in  line  defects  may  make  highly  distorted 
field.  So,  it  is  not  possible  to  decide  which  is  the  cause  and 
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which  is  the  effect.  It  can  be  considered  that  highly  distorted 
field  has  high  strain  energy.  I  think  that  this  high  strain  energy 
reduces  the  activation  energy  required  for  etchant.  Diffused  Au  or 
Ag  causes  relaxation  of  this  highly  distorted  field. 


Question  3 

1  Where  is  the  citation  for  reference  [4]  in  the  paper? 

2  Since  etch-channel  density  decreases  even  witnout  much 
electrode  migration,  e.g.  when  foil  electrodes  are  used  -  how  do 
you  account  for  the  etch-channel  decrease  under  those  conditions? 


Answer: 

I  apologize  to  you  for  the  omission  reference  number  end  of 
the  sentence  of  "If  electrodes  of  Cr  and  Au  evaporated 
mettallization  are  appied,  etch  channels  are  not  form  even  when 
electrodiffusion  is  carried  out  in  an  air  atmosphere.”  in  the 
introduction.  Sorry  again. 

I  think  that  much  electrode  material  migration  is  not 

necessary  for  the  reduction  of  etch  channel  density. 

When  silver  plate  electrodes  (thickness  =  1mm)  were  used,  the 
concentration  of  Ag  in  the  quartz  crystal  was  less  than  70  ppb.  In 
case  of  such  a  small  quantity  Ag  diffusion,  Ag  electrodiffusion  had 
the  effect  of  reducing  to  zero  the  etch  channel  density  in  a  quartz 
crystal  which  initially  had  an  etch  channel  density  of 

approximately  2,500  channel s/cm’^  . 

When  Au  was  diffused  in  the  quartz  crystal,  the  concentration 
of  diffused  Au  was  only  l'^  3  ppb.  In  the  case  of  our  Na  diffusion  in 
the  quartz  crystal,  etch  channel  density  reduction  did  not  observed 
in  spite  of  large  amount  of  Na  diffusion.  So  I  think  that  the 
quantity  of  migrated  material  is  not  important.  Au  or  Ag  diffusion 
is  critical  even  without  much  electrode  material  diffusion. 
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Question  4 

Since  Au  migration  increases  Al-OH  formation  and  Alkali 
removal  and  this  leads  to  near-zero  etch-channel  density,  the 
suggestion  is  that  the  more  efficient  sweeping  plays  a  major  role 
and  Ca  and  Mg  which  do  not  partcipate  in  the  sweeping  process  plays 
a  minor  role  -  do  you  agree? 


Answer: 

The  total  atomic  ratio  of  the  Ag  and  Al-OH  concentration  is 
roughly  equal  to  the  atmic  ratio  of  A1  during  Ag  electrodiffusion 
process  in  an  air  atomosphere.  This  suggests  that  the  entire  Ag  form 
the  association  Al-Ag.  Ag  moves  in  the  quartz  crystal  through  the 
A1  point  defects. 

The  mechanism  of  Au  diffusion  is  not  clear.  There  is  no 
evidence  that  diffused  Au  form  Al-Au.  Au  diffuses  as  a  negatively 
charged  ion.  This  shows  that  it  is  difficult  Au  form  the 
association  Al-Au. 

When  Pt  plates  were  used  as  the  electrode  in  an  air 
atomosphere,  the  reduction  of  etch  channel  density  was  not  observed 
althouth  Na  and  Li  were  swept  out  of  crystal.  This  shows  that  Na 
and  Li  sweeping  is  less  effective  for  the  reduction  of  etch  channel 
density. 

The  impurity  analysis  of  no  Au  or  Ag  electrodif fused  samples 
showed  that  Ca  and  Mg  significantly  decreased  with  the  formation  of 
etch  channel.  This  shows  Ca  and  Mg  are  localised  to  the  highly 
distorted  lattice  surrounding  a  line  defect  and  are  preferntially 
removed  during  etch  channel  formation. 

In  compraring  the  results  of  the  impurity  analysis  of  samples 
before  and  after  Au  or  Ag  electrodiffusion,  the  concentration  of  Ca 
and  Mg  were  not  changed.  While  Na  and  Li  were  easily  diffused  to 
the  outer  surface  of  the  crystal . 

Ca  and  Mg  do  not  partcipate  in  the  electrodiffusion  process, 
but  these  ions  are  one  of  causes  of  line  defect  which  form  the 
etch  channels. 
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Abstract 

Existing  data  for  thermal  expansion  of 
alpha  quartz  (between  -50°  C  and  150*  C) 
have  been  critically  analyzed  through  a 
program  funded  by  ETDL.  A  recommended 
"best"  set  of  values  was  received  as  were 
third-,  fourth-,  and  fifth-order  power 
series  expansions  for  the  coefficients  of 
thermal  linear  expansion  (CTE) ,  referenced 
to  0°  C.  In  order  to  fully  utilize  the 
results,  relationships  between  the  CTEs  and 
the  thermal  expansion  coefficients 
were  derived  and  Oj,  referenced  to  25*  C  were 
obtained.  Based  on  the  results,  an 
additional  analysis  to  third  order  in  Ojj 
was  performed.  The  new  Ojj  values  allow 
direct  comparison  with  previously  published 
thermal  expansion  coefficients.  The 

influence  of  the  new  ajj  on  determinations 
of  quartz  material  temperature  coefficients 
and  on  the  calculation  of  temperature 
coefficients  of  frequency  for  the  case  of 
the  AT-cut  are  discussed. 


Introduction 

There  is  an  internationally  recognized 
interest  in  obtaining  more  reliable  alpha- 
quartz  material  constants  [1,2].  This 
interest  also  is  recognized,  e.g.,  by 
ongoing  projects  sanctioned  by  the 
Electronic  Industries  Association  (EIA)  [3], 
which  have  highlighted  the  need  to  examine 
all  of  the  quartz  material  constants. 

The  thermal  expansion  coefficients  a,"*, 
also  known  as  the  thermoelastic  constants, 
are  critical  parameters  in  piezoelectric 
crystal  resonator  and  filter  calculations. 
For  example,  the  first  order  temperature 
coefficient  of  frequency  of  the  simple 
thickness  modes  of  a  crystal  plate  can  be 
shown  to  be  of  the  form  [ 4 ] : 


2T 


(1) 

f 


(1) 


where  f=  frequency,  c=  piezoelectrlcally 
stiffened  elastic  constant,  fi  -  mass 

density,  and  h=thickness.  The  quantities 


and  T„‘’*  depend  directly  on  thermal 
^pansion  coefficients  and  are  given  by: 


■i" 


(1)  (1) 


and 

T  +a‘” 


(1) 


-(<*11  +«22  +®33 


(2) 

(3) 


where  the  a,,  are  thermal  expansion 

constants  and  0122  is  the  thermal  expansion 
constant  rotated  to  the  crystallographic 
direction  of  the  plate  thickness,  which 
is  taken  as  the  xy-direction.  The  a,, 
are  components  of  tensors  of  the  secona 
rank. 


At  present  there  are  three  sets  of 
thermal  expansion  coefficients  in  general 
use:  the  Bechmann,  Ballato,  and  Lukaszek 
(BBL)  set  [4];  the  American  Institute  of 
Physics  (AIP)  set  [5]  ;  and  the  Mizan  and 
Ballato  (MB)  set  [6].  The  MB  set  is  based 
on  a  digitization  of  a  graph  published  by 
Sosman  [7].  Brice  [8]  and  James  [9]  have 
also  contributed  alternative  data  sets  for 
alpha  quartz  thermal  expansion.  In  Fig.  l 
it  is  shown  that  the  thermal  expansion 
coefficients  in  general  use  do  not  agree 
with  one  another  over  the  temperature  range 
-50°  C  to  +  150*  C. 


Experimental  Data 


Funding  and  time  constraints  did  not  allow 
the  gathering  of  new  experimental  data. 
Instead,  a  literature  search  and  critical 
analysis  of  published  data  were  performed. 
This  phase  was  accomplished  by  the  Purdue 
University  -  Center  for  Information  and 
Numerical  Data  Analysis  and  Synthesis 
(CINDAS) .  CINDAS  operates  the  High 
Temperature  Materials  -  Mechanical, 
Electronic  and  Thermophysical  Properties 
Information  Analysis  Center  (HTMIAC)  for  the 
Department  of  Defense  [ 10 ] . 
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Fig.  1.  Thermal  expansion  calculations 
using  the  thermal  expansion  coefficients  of 
BBL  [4],  AIP  [5],  and  MB  [6].  There  is 
little  agreement  for  the  temperature  range 
-50“  C  to  150“  C. 


CTE  ■  i/h(e^)  ih/ae 


(4) 


with  reference  temperature  e  >0“  C,  whereas 


the  more 


(n> 


usual  thenuil  expansion 


coefficients, a, j,  are  obtained  from  a  Taylor 
series  expansion  of  length  or  thickness  (h) 
about  a  reference  temperature  B,~25“  C  : 


h(e)-h(ejEi/n!  i/h(ej  »V*e"  (e-ej"  (5) 


whence 
<n)  _  (n) 


l/nJ  l/h(e„)  [i>Vr>«  ],  .  (6) 


In  the  past,  most  analyses  have  been  limited 
to  order  m  -  3. 

Mathematical  relationships  between  the 
CTE  and  the  a,,*’'*  were  derived,  accounting 
also  for  the  different  reference 
temperature.  The  HTMIAC  expansion  of  (4) 
can  be  written  as 


CTE  «  E  a.e". 


(7) 


The  HTMIAC  analysis  involved  searching, 
compiling,  and  critically  analyzing  existing 
thermal  expansion  data.  The  HTMIAC 
recommended  values  for  the  coefficient  of 
thermal  linear  expansion  (CTE)  along  the  a- 
axis  were  obtained  by  fitting  to  the  data  of 
White  [11]  and  Barron  [12],  in  conjunction 
with  the  data  of  Jay  [13],  Johnson  and 
Parsons  [14],  and  Lager  et  al.  [15].  Data 
of  Dorsey  [16]  and  Buffington  and  Latimer 
[17]  also  were  Included.  The  recommended 
values  for  CTE  along  the  c-axis  were 
obtained  from  Refs.  [11-15]  and  also 
included  the  data  of  Nix  and  McNair  [18]. 

The  recommended  coefficient  values  for 
CTE  were  fitted  to  3rd-,  4th-,  and  5th- 
order  power  series  of  temperature  referenced 
to  0“  C  and  valid  for  the  temperature  range 
-50“  C  to  +150“  C.  The  CTE  curve  fit 
coefficients  are  listed  in  Table  I.  see 
Fig.  2  for  a  plot  of  the  fit  to  a  5th-order 
power  series. 

As  shown  in  Figs.  3-5,  none  of  the 
thermal  expansion  coefficient  sets  in 
general  use  agree  well  with  the  HTMIAC 
recommended  data. 


ETDL  Analysis 

Unfortunately,  the  CTE  used  by  HTMIAC 
are  not  equivalent  to  the  thermal 

expansion  coefficients,  a,j,  that  are 
normally  used  in  frequency  control  R&D. 


We  can  then  write  h(0)  in  terms  of 
the  a)j  and  hCe,)  as 


Thermal  Linear  Expanaion  (X  10‘-6  /  deg  C) 


6lh-Ofd«r  a-axta  Sth-Ordar  c-axia 
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Fig.  2.  A  5th-order  power  series  least- 
squares  fit  to  the  recommended  HTMIAC  data 
for  the  coefficient  of  thermal  linear 
expansion. 


h„=  h(0)=  h(ej[2^a‘"’ (-e,)"  ]  (8) 

where  ©,=  25°  C. 

lablfi  I 

HTMIAC  CTE  POWER  SERIES  COEFFICIENTS 
a-axis 

Order  of  Fit 


5 

Coef f . 

4 

3 

Units 

*0 

13.1 

13.1 

13.1 

X 

10'Vk 

ai 

26.1 

25.8 

25.0 

X 

lo’/K^ 

a? 

-60.6 

-54.3 

-64.7 

X 

IO'^Vk* 

*3 

-466.2 

-320.3 

45.1 

X 

IO'^Vk* 

*4 

4645 

1827 

X 

Io’Vk’ 

-11270 

c-axis 

X 

IO'^Vk* 

ao 

7.1 

7.1 

7.1 

X 

10'Vk 

ai 

17.2 

17.5 

17.7 

X 

10'Vk* 

a2 

-45.5 

-50.9 

-48.4 

X 

IO'^Vk* 

as 

323.0 

-200.0 

111.7 

X 

10'”/K* 

a4 

-2817 

-441.6 

X 

10'’Vk* 

a? 

9503 

X 

lO'^’/K* 

From  (5)  and  (6)  we  find  that 
m  -n, 

ah(e)/ae  =  h(e„)[  no,.j  (e-ej"  ’  ]  (9) 

thus 


CTE  =  i/h„  ah(e)/ae  »  na,"  le-ey',  (lo) 

since  the  summation  in  (8)  is  s  1. 
Therefore,  we  find 


CTE  =  z  a„e" 
mo  " 


(11) 
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Fig.  3.  Thermal  expansion  calculated  using 
the  thermal  expansion  coefficients  of  BBL 
[4]  vs  the  HTMIAC  data. 
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Fig.  4.  Thermal  expansion  calculated  using 
the  thermal  expansion  coefficients  of  AIP 
[5]  vs  the  HTMIAC  data. 


Expanding  both  summations  and  equating  following  thermal  expansion  coefficients  up 

coefficients  of  equal  powers  of  ©,  one  to  order  six  in  terms  of  the  CTE  power 

obtains  (after  some  manipulation)  the  series  coefficients: 
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Table  II 


“ii 

<2) 


(3) 

*u 

(4) 


(5> 

“ij 

(6) 

“ij 


=1/2  [a,  + 
=l/3[a2  + 
=1/4 [aj  + 
=1/5 [a^  + 
=l/6[a5]. 


23200  + 

3aje,  + 

43*00  + 

5359  J 


+  ajS^*  +  +  ajB,’ 

3a30,^  +  4a,e„^  +5a5e/] 

6a*e,^  +  10356,*] 

2 

10356/] 


Note  that  an  analysis  of  CTE  to  order 
m  corresponds  to  an  analysis  of  a^j  to  order 
in+1  • 


The  HTMIAC  results  recast  in  thermal 
expansion  form  are  listed  in  Table  II.  Most 
calculations  of  quartz  resonator  temperature 
behavior  are  carried  out  only  to  third 
order.  If  any  one  of  the  HTMIAC  analyses 
is  truncated  to  third  order,  the  calculated 
results  do  not  reproduce  the  HTMIAC  data 
(see,  e.g..  Fig.  6).  Because  of  this,  a 
least-squares  fit  to  the  HTMIAC  data  to 
third  order  in  ajj  was  developed.  This  fit 
is  called  KGB  and  is  plotted  in  Fig.  7.  The 
values  up  to  third  order  are  listed  together 
with  BBL,  AIP,  and  MB  in  Table  III. 


-e-  MB  c-«xl» 

MB  a-axla 

Data  c-axia 

Fig.  5.  Thermal  expansion  calculated  using 
the  thermal  expansion  coefficients  of  MB  [6] 
vs  the  HTMIAC  data. 


Discussion 

To  understand  the  impact  of  using  the 
KGB  instead  of,  for  example,  using  the 

BBL  we  have  investigated  the 

determination  of  material-constant 


HTMIAC  RESULTS  IN  THERMAL 
EXPANSION  FORMAT 
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(n) 

11 


Order  of  Fit 


(n) 

6 

5 

4 

Units 

1 

13.673 

13.668 

13.659 

X 

IO'Vk 

2 

11.231 

11.299 

10.926 

X 

lo’/K^ 

3 

-26.646 

-23.834 

-20.422 

X 

10' ’^/l^ 

4 

-18.034 

-34.400 

11.278 

X 

1o’Vk‘ 

5 

647.250 

365.400 

X 

10-«/K* 

6 

-1878.333 

X 

lO'^/K* 

1 

7.508 

7.513 

7.515 

X 

IO'Vk 

2 

7.686 

7,653 

7.746 

X 

IO'Vk* 

3 

-10.131 

-12.502 

-13.328 

X 

10'’Vk* 

4 

25.173 

38.960 

27.925 

X 

io'’*/k‘ 

5 

-325.825 

-88.320 

X 

10' “/K* 

6 

1583.833 

X 

lO'^’/K* 

Table  III 

THIRD  ORDER  THERMAL  EXPANSION 


BBL 

AIP 

MB 

KGB 

Units 

(n) 

1  13.71 

13.77 

13.92 

13.65 

X  IO'Vk 

2  6.50 

13.03 

15,09 

11.02 

X  IO'Vk* 

3  -1.90 

-6.33 

-7.86 

-19.32 

X  10'’*/K* 

(n) 

“33 


1 

7.48 

7.48 

6.79 

7.50 

X  IO'Vk 

2 

2.90 

9.41 

8.69 

8.00 

X  IO'Vk* 

3 

-1.50 

-5.44 

6.88 

-10.44 

X  10'’*/K* 
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temperature  coefficients  (obtained  by  the 
resonator  method)  as  well  as  the  calculation 
of  frequency-temperature  behavior  from  the 
material  constants. 

The  use  of  KGB  thermal  expansion 
coefficients  instead  of  BBL  coefficients 
will  result  in  nontrivial  differences  when 
extracting  temperature  coefficients  of  the 
piezoelectric  and  dielectric  constants  from 
measured  resonator  frequency-temperature 
behavior.  Values  of  the  temperature 
coefficients  of  selected  elastic  constants 
for  rotated  Y-cuts  extracted  from 
measurements  on  rotated  Y-cut  resonators  are 
given  in  T2d3le  IV.  The  previously  reported 
[3]  values  using  BBL  thei.nal  expansion 
coefficients  may  be  compared  to  the  values 
obtained  using  KGB  thermal  expansion 
coefficients. 


The  influence  of  the  on  the 

calculation  of  frequency-temperature 
behavior  has  been  exeunlned  by  using  (1)  in 
conjunction  with  the  BBL  set  of  material 
constants  (with  the  exception  of  the  BBL 
Ojj*"’).  It  is  best  to  write  (1)  in  the  form 
[191: 


Temperature  (deg  C) 

~+-  3rd-0rd*r  i-txli  °  Data  a-axia  j 

Data  c-axia  3rd-Ordar  c*axla  I 

Fig.  6.  Calculation  of  thermal  expansion 
using  6th-order  thermal  expansion 
coefficients  (truncated  to  3rd-order)  vs  the 
HTMIAC  data. 
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where 


.p<i) 

-  1/2  (T‘”)* 

-  t‘*’  t‘”  +  1/3  (T‘”)^. 


(13) 


(14) 


TfllBAe  IV 

TEMPERATURE  COEFFICIENTS  OF 
ELASTIC  CONSTANTS  (T  ) 

BBL 


If  we  then  assume  Tj,  >  where  B°BBL  and 
K=>=KGB,  then 

Un)  *(n)  “(n)  *<n)  *<n)  , 

-  T„]  -  1/2  {[ij,,  -  T^.l  +  2[T^  -  -f^]). 

(15) 

The  a values  found  in  Table  III  together 
with 

t;"’  -  -(20,7+  “n  ) 

allow  the  calculation  of  temperature 
coefficients  of  density.  These  coefficients 
are  given  in  Table  V. 


ij 

(n) 

->  66 

44 

14 

Units 

1 

176.9 

-170.4 

103.9 

X 

IO'Vk 

2 

163.8 

-252.5 

-19.4 

X 

lO’/K* 

3 

43.9 

-201.1 

-509.1 

X 

io’Vk* 

KGB 

1 

176.9 

-170.3 

103.9 

X 

IO'Vk 

2 

158.7 

-256.6 

-23.9 

X 

IO'Vk* 

3 

51.6 

-177.3 

-492.8 

X 

io-’Vk^ 

Similarly,  the  temperature  coefficients 
of  thickness  for  rotated  Y-cut  resonators 
may  be  calculated  using  the  equation 


<n> 


(n) 


COS  e  +  Ojj  sin  ® 


(17) 
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The  tengierature  coefficients  of  thic]cness 
for  AT-cut  and  BT-cut  reso-iators  are  given 
in  Table  VI: 


(X  10--6  /  deg  C) 


Table  V 

TEMPERATURE  COEFFICIENTS  OF  DENSITY 


KGB 

BBL 

KGB 

BBL 

(n) 

mCn) 

V 

mCn) 

V 

Units 

1 

-34.80 

-34.90 

-34.80 

-34.90 

X 

IO'Vk 

2 

-30.04 

-15.90 

-30.65 

-16.51 

X 

lo’/K^ 

3 

49.08 

5.30 

48.02 

4.73 

X 

io-’Vk’ 

Table  VI 

TEMPERATURE  COEFFICIENTS  OF  THICKNESS 


AT-Cut 

KGB 

BBL 

KGB 

BBL 

(n) 

Jn) 

*(n) 

Kn) 

(n) 

Th 

Th 

Th 

Th 

Units 

1 

11.60 

11.63 

11.60 

11.63 

X 

IO'Vk 

2 

10.01 

5.30 

9.94 

5.23 

X 

lo’/K* 

3 

-16.36 

-1.77 

-16.48 

-1.83 

X 

lo’^/K* 

BT-Cut 

1 

10. 13 

10.14 

10.13 

10.14 

X 

10'Vk 

2 

9.29 

4.44 

9.24 

4.39 

X 

lo’/K^ 

3 

-14.23 

-1.67 

-14.32 

-1.71 

X 

io’Vk* 

The  differences  in  the  temperature 
coefficients  of  frequency,  density,  and 
thickness  obtained  from  (15)  are  listed  in 
Table  VII.  A  number  of  observations  may  be 
made.  First,  the  differences  in  predicted 
first  ordfr  temperature  coefficient  of 
frequency  are  very  small.  For  example,  from 
Bechmann  [20]  we  know  that: 

AT-cut  =  -5.15  X  10'VK,'’e 
and  for  the 

BT-cut  =  2.14  X  10'VK,''e 

Thus,  the  difference  between  the  predicted 
AT-cut  frequency-temperature  behaviors  is 
equivalent  to  an  angular  error  of  -14"  of 
arc  and  the  BT-cut  difference  is  equivalent 
to  an  angular  error  of  1'07"  of  arc. 
Second,  the  differences  in  higher  order 
temperature  coefficients  of  frequency  are 


Thermal  Linear  Expanaion 
20 ) - 


20 


Temperature  (deg  C) 


KOB  vt.  HTMIAC  Data 

KOB  a*axla  Da*a  a-axla  | 

KOB  c-axla  °  uata  c*axla  | 

Fig.  7.  Third-order  thermal  expansion 
coefficient  least-squares  fit  to  the  HTMIAC 
data. 


Table  VII 

DIFFERENCES  IN  TEMPERATURE  COEFFICIENTS  OF 
FREQUENCY,  DENSITY,  AND  THICKNESS 


“(ft) 

* 

[Tw  - 

Thi  ] 

(n) 

AT 

BT 

AT 

BT 

1 

0.02 

0.04 

0.10 

-0.03 

-0.01 

2  - 

-2.36 

-2.22 

-14.14 

4.71 

4.85 

3 

7.00 

9.04 

43.29 

14.65 

12.61 

Note 

:  The 

usual 

units  apply. 

values  of  the  differences  in  temperature 
coefficients  of  frequency  for  the  AT-cut 
with  the  actual  magnitudes  of  these 
coefficients  as  published  by  Ballato  [21]: 


AT-cut 


-9 

Tf*  =  -0.45  X  10  ’ 


108.6  X  lo  ’* 


ConvlMBions 

An  analysis  of  existing  experimental 
thermal  expansion  data  for  quartz  has  been 
performed,  yielding  an  improved  average, 
set  of  higher  order  thermal  expansion 
coefficients  and  ajj.  Comparisons  with 
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previously  used  sets  are  given.  The  new 
values  are  required  for  redeterminations  of 
the  temperature  coefficients  of  the  elastic, 
piezoelectric,  and  dielectric  constants  of 
this  important  crystalline  material. 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 

INFLUENCE  OF  CONVECTIVE  FLOWS  ON  THE  GROWTH 
OF  SYNTHETIC  QUARTZ  CRYSTALS 

V.A.Klipov,  N.N.Shmakov 

Research  Department  of  FONON  in  Yuzhnouralsk, 

Cheliabinsk  Region,  457040,  USSR 


The  influence  of  concentrative  and  convective 
flows  of  the  crystal  growing  medium  on  the 
shape,  morphology  of  the  surfaces,  enternal 
structure,  growth  rate,  macroscopic  defects  and 
inclusion  density  was  investigated.  Dependance  of 
above  mentioned  characteristics  on  the  convective 
fiow  direction  and  crystal's  place  within  the  flow 
was  determined. 

Experimental 

Quartz  crystals  were  grown  in  the  autoclaves 
with  inside  volume  1.5-7  cubic  meters.  The 
(0001)  cut_  seeds  (Z-p]_ates  and  Y-bars)  as  well 
as  the  (OlTl)  and  (1120)  cut  seeds  (r-slices  and 
x-slices  accordingly)  were  used.  The  growth 
process  has  utilized  alkaline  water  solution 
confined  within  autoclave  at  the  temperature 
under  400”C  and  pressure  from  70  to  120  MPa. 
The  method  of  temperature  gradient  was  used. 

Morphological  peculiarities  were  studied  visualy 
and,  also,  by  taking  some  of  the  specific 
measurements  either  of  the  every  of  the  crystals 
grown  in  the  crystallization  chamber  or  of  the 
crystals  of  some  chosen  cross  sections. 

The  internal  structure  of  the  crystal  was 
investigated  by  the  shadow  projection  method 

[1] ,  Lang's  X-ray  projection  topography  method 

[2]  and  by  the  gamma  irradiation  of  the  crys¬ 
tals.  To  determine  the  influence  of  concentrative 
flow  only,  on  the  shape  and  morphology  of  the 
growing  crystal  faces  a  special  metalic  box  with 
double  perforated  sides  was  used.  Smaller  box 
had  the  0.8  mm  holes  in  quantity  of  25  per 
square  cm  and  was  placed  with  some  clearance 
inside  the  bigger  one  having  1  mm  holes  in 
quantity  of  5.3  per  square  cm.  This  double  box, 
with  the  seed  suspended  inside  it,  was  placed  in 
the  growth  zone  of  the  autoclave.  Therefore,  the 
main  convective  current  in  the  autoclave  as  well 
as  various  solid  particles  carried  by  it,  could  not 


influence  the  crystal  growth.  One  of  the  crystals 
grown  in  such  a  box  is  shown  in  Fig.l. 

Wedge-shapedness  of  the  crystal 

It  was  established  that  the  ascending 
concentrative  flow  is  generating  the  wedge- 
shapedness  of  the  crystal.  Lower  part  of  the 
crystal  is  growing  faster  (in  both  X  and  Z 
directions)  than  the  upper  end.  Besides,  a 
directed  accessory  relief  is  emerging  on  the  basic 
surface,  and  on  the  edges  between  the  basic  and 
rhombohedral  faces  a  border  projections  are 
revealed.  These  border  projections  are  serrated 
often;  sometimes,  with  cracks  in  their  growth 
area. 

Futher,  many  crystals  grown  outside  of 
mentioned  perforated  box  were  investigated.  It 
was  revealed  that  almost  all  of  them  became 
wedge-shaped.  Some  of  them  grew  narrower  in 
their  upper  end  direction,  the  others,  on  the 
contrary,  in  the  lower  end  direction  (Fig.2). 

There  is  no  doubt  that  both  concentrative  and 
convective  flows  influence  in  the  same  manner  on 
the  shape  of  the  crystals  of  various  compounds 

[3] .  Now,  we  can  affirm  that  synthetic  quartz 
crystals  grow  narrower  in  the  upper  part  of  them 
in  ascending  convective  flow,  and  vice  versa  the 
upper  part  of  the  crystal  grows  faster  in 
discending  flow. 

To  estimate  the  crystal's  vertical  wedge- 
shapedness  a  following  equations  were  used 

H,  -  H2  H,  -  H2 

Ko  =  - ;  K - 

L  -  (1,  +  I2)  L 

were  Ko  and  K  are  the  exact  and  approximate 
(accordingly)  linearly  interdependent  wedge- 
shapedness  coefficients,  and  H|  ,H2  ,L,  I,,  I2 
are  special  dimensions  as  shown  in  the  Fig.2. 
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Fig.l.  Quartz  crystal  grown  inside 
the  double  box.  Sideview  and  view 
from  the  side  of  basic  surface. 


Fig.2.  Scheme  of  the  discending  (a) 
and  ascending  (b)  convective  flows  1 
passing  along  the  crystal.  2  -  con- 
ccntrative  flows.  3  -  solid  particles 
settling  upon  crystal  surfaces. 


Fig.3.  Distribution  of  the  coefficient  of  the  crystal 
wedge-shapedness,  KxlO**,  in  the  cross-sections  of 
cristailisation  chamber.  Positive  isonephs  show  the 
field  of  ascending  convective  flow,  negative  - 
discending  flow. 


Fig.3  shows,  by  means  of  isonephs,  the  distri¬ 
bution  of  K  in  the  upper,  middle  and  lower  cross 
sections  of  the  autoclave's  cristailisation  chamber 
in  the  case  of  synthetic  quartz  crystals  grown  on 
the  Z-cut  seeds.  A  zero  isoneph  cor-responds  with 
the  crystals  showing  no  wedge-shapedness  and 
marks  a  border  between  ascen-ding  and 
discending  flows. 

Stability  of  the  convective  flow 

To  answer  the  question  of  convective  flow 
stability  during  the  growth  time  a  special 
investigation  was  accomplished.  Some  of  the 
(1120)  slices  were  cut  out  along  the  crystal's 
length  from  the  crystals  grown  in  various  parts  of 
an  autoclave.  Futher,  the  shadow  projections  of 
them  were  investigated. 

It  was  revealed  no  slice  showing  the  wedge- 
shapedness  direction  change  during  the  crystal 
growing  time,  i.e.  every  of  the  growth  layer 
throughout  the  all  Z-zone  (in  figures  shown  as 
<C>)  is  narrowing  in  the  same  direction. 

Inside  structure  and  defects  in  the  crystal 

The  inside  structure  of  the  Z  growth  zone  and 
morphology  of  the  (0001)  surface  was  inves¬ 
tigated.  In  the  direction  of  the  convective  flow 
motion  was  revealed  the  formation  of  "parasite" 
growth  zones  (Fig.4)  and  connected  with  them 
cracks.  On  the  basic  surfaces  gradualy  change  of 
accessory  types  or  increasing  of  the  accessory's 
dimensions  is  taking  place  (Fig.5).  On  the 
crystal's  end  facing  the  current  were  grew  the 
border  projections  on  the  edges.  The  internal 
structure  of  border  projections  was  investigated  by 
the  Lang's  method  and,  c'-so,  by  the  gamma- 
irradiation  of  slices  of  various  cuts  (Fig.6).  It  was 
found  that  serrated  border  projections  intrude  into 
Z  growth  zone  and  have  complicated  structure 
because  of  having  their  own  growth  zones  and 
defective  tense  surfaces.  The  growth  of  the 
serrated  border  projections  is  accompanied 
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Fig.5.  Increasing  of  the  basic  surface  accessory's 
dimensions  in  the  direction  of  the  convective 
flow  motion  and  formation  of  the  border 
projections  on  the  edges  r/C  and  R/C  of  lower 
end  of  the  crystal 


Fig.4.  Inside  structure  of  the  crystal  grown 
inside  the  discending  convective  flow  and 
detected  by  |I|  method.  1 -"parasite"  growth 
pyramids;  2-cracks. 


Fig.6.  Morphology  of  the  serrated  border 
projections.  a-  gamma-irradiated  Z-cut  slice; 
b-  X-ray  photograph  of  the  part  of  (0001)  slice, 
reflex  from  (lOlO)  under  the  R;  c-  reflex  from 
(1010)  under  r,  Mo  K«j(  ,8*;  1-2  -  growth  cracks 
connected  with  bubbles. 

by  the  formation  of  the  two  types  of  the  dif¬ 
ferent  orientated  flat  morphological  cracks  opened 
to  the  surface  or  represented  only  as  a  series  of 
separated  bubbles  (Fig.7). 

Crystal  growth  rate 

It  was  investigated  the  dependence  of  growth 
rate  on  the  position  of  the  growing  crystal  within 
the  cross  section  of  the  convective  flow.  Fig.8 
shows  the  distribution  of  the  mean  Z  dimensions 
(calculated  as  (Hj+H2)/2)  in  some  of  the  cross- 
sections  of  the  crystallization  chamber.  Zero 
isoneph  shows  the  border  between  opposite  flows 
(cross-sections  are  the  same  as  in  Fig.3). 

It  was  found  that  most  uniform  crystals  grow 
inside  the  ascending  convective  flow.  On  the 
contrary,  the  greatest  variety  in  the  growth  rate 

Fig.7.  Morphology  of  the  cracks  and  bubbles  of 
first  (1)  and  second  (2)  types. 
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Fig.8.  Distribution  of  the  crystal  mean  Z- 
thickness  in  some  cross-sections  of  the 
cristallization  chamber. 

revealed  itself  inside  the  discending  flow's  cross 
section.  It  is  more  noticeable  in  the  lower  part 
of  the  crystallization  chamber.  The  fields  of 
minimum  growth  rate  are  at  the  border  between 
ascending  and  discending  flows,  especialy  at  the 
areas  of  its  harsh  twisting.  Exactly  these 
crystals  reveal  serrated  border  projections  on  the 
edges  between  the  rhombohedral  and  basic 
surfaces  and,  also,  the  cracks  connected  with 
them  and  located  inside  their  growth  zones  and 
Z  growth  zones  and,  also,  between  the  <0001> 
and  <1120>  growth  zones. 


It  was  established  that  the  densities  of  twin 
accessories  upon  great  rhombohedron  surfaces  of 
the  crystal  grown  inside  the  ascending  and 
discending  flow  are  different.  The  greatest  den¬ 
sity  of  twin  accessories  (as  much  as  41.6  cm'^ 
in  one  of  the  experiments)  was  found  upon 
upon  faces  of  the  crystals  grown  inside  of 
ascending  flow,  the  lowest  values  (10.5  cm"^  in 
the  same  experiment)  were  corresponding  with 
discending  flow  mainly  near  of  autuclave  sides. 
It  turned  out  that  the  dencity  of  twin 
accessories  changes  gradualy  from  ascending  to 
discending  flow  if  observing  within  one  of  the 
horizontal  cross  sections  of  the  crystallization 
chamber. 

The  dencity  of  inclusiones  was  counted  in 
accordance  with  the  last  lEC  Publication.  It  was 
found  inclusion  dencity  increasing  from 
ascending  to  discending  flow  (Fig.9). 

Results  and  discussion 

Theoretical  principles  of  interconnection 
between  the  growing  crystal  and  surroundings 
were  laid  by  P.Curie  [4],  in  1894,  in  his 
Universal  Principle  of  Symmetry.  In  conformity 
with  our  investigation  it  means  that  the  growing 
crystal  preserves  in  its  appearance  those 
symmetry  elements  only,  wich  concur  with  the 
symmetry  elements  of  nutrient  medium.  So,  if 
the  vertical  current  of  soiuted  nutrient  having 
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Fig.9.  Inclusion  dencities  in  crystal  grown  inside  les  in  the  A-B  profile;  a-  general  inclusion 

the  ascending  and  discending  flows.  Isonephs  density  (sizes  from  10  to  125  microns);  b-  den- 

show  the  distribution  of  KxlO'*  wedge-shapedness  city  of  the  inclusions  wich  are  lesser  than  30 

coeficient.  1-12  -  are  the  positions  of  the  samp-  microns. 


(in  gravitational  field)  a  symmetry  of  cone  symmetry  of  the  crystal  coincided  with  the  seed 

(L  ^  P)  is  interacting  with  synthetic  quartz  flatness  and  vertical  flatness  of  the  flow.  Hori- 

crystal  having  1^2?  external  symmetry  the  latter  zontal  flatness  of  external  symmetry  and  the  L2 

has  to  preserve  the  symmetry  elements  common  disappear.  This  phenomena  reveals  itself  in  the 

with  those  of  the  flow.  That  common  element,  in  appearance  of  the  wedge-shapedness  in  the  shape 

this  case,  is  a  vertical  flatness  of  the  external  of  the  crystal  grown  on  the  ZYb/0°  cut  seed. 
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From  a  position  of  crystal  growing  in  the 
directed  current  of  nutrient  solution,  it  ought  to 
be  marked  that  in  more  advantageous  conditions 
are  the  surfaces  and  edges  of  a  crystal 
orientated  to  meet  the  flow.  As  the  nutrient 
solution  is  passing  along  the  crystal  surfaces  its 
oversaturation  is  decreasing  gradualy,  and  as  a 
consequence,  decreases  the  growth  rate  of  the 
surfaces,  and  parasite  pyramids  and  connected 
with  them  cracks  and  changing  in  the  relief  of 
surfaces  take  place.  The  generation  of  the 
serrated  border  projections  is  determined, 
probably,  as  in  the  case  with  KDP  crystals  [5], 
by  the  existence  of  some  critical  velocity  of  the 
current  passing  along  the  crystal  or  formation  of 
the  closed  vortexes  on  the  border  between  the 
opposite  convective  flows  wich  is  proved  by 
existence  of  minimum  growth  rate  in  this  area. 

Natural  changing  of  the  twin  accessory  density 
upon  the  upper  great  rhombohedron  faces  is 
connected,  probably,  with  character  of  solution 
motion  bypassing  it.  The  discending  flow  (see 
Fig.2)  does  not  assist  in  holding  of  microcrystals 
on  the  crystal  surfaces  ,  but  quite  the  reverse,  it 
is  washing  them  away.  In  the  case  of  ascending 
flow,  the  upper  surfaces  are  in  the  "shadow"  of 
the  passing  flow,  and  the  microcrystals  are 
deposited  on  them  easily. 

The  cause  of  the  inclusion  dencily  increasing 
in  the  crystal  grown  in  the  discendmg  convective 
flow  is,  probably,  in  the  turbulent  or  even 
vortical  manner  of  solution  motion  near  the 
crystal  surfaces  where  the  counteraction  between 
concentrative  and  convective  flows  is  taking  place. 
The  time  of  the  particles  being  near  the  crystal 
surface  is  longer  (and  consequently  increases  the 
probability  of  their  holding  by  the  crystal)  than 
that  in  the  case  of  ascending  flow  when 
concentrative  and  convective  flows  are  passing  in 
the  same  direction  and  their  resulting  speed 
increases. 

Conclusions 

The  shape  of  the  real  quartz  crystal  as  well 
as  relief  of  it  surfaces  and  faces,  its  homogenily 
and  structure  are  the  result  of  the  interaction 
between  the  structure  of  the  crystal  and  that  of 
the  crystal  growing  envirement.  Under  the 
influence  of  the  flows  of  nutrient  medium  the 
crystals  (grown  on  the  seed  of  every  cut)  become 
wedge-shaped.  Greater  growth  rate  have  surfaces 
facing  towards  the  current  movement. 


With  the  direction  of  the  wedge-shapedness 
correlate  particularities  of  the  surface  relief  and 
homogenity  of  the  growth  layers  as  well  as 
border  projection  formation. 

On  the  basis  of  account  of  the  morphological 
particularities  and  enternal  structure  of  the 
crystals  a  method  was  eleborated  intended  to 
determine  the  current  motion  direction  and 
structure  of  the  convective  flow. 

A  stable  convective  circulation  of  the  solution 
in  the  autoclave  determines  the  crystal  growth 
rate,  defects  formation  as  well  as  dencity  of  of 
the  inclusions  and  accessories  on  the  upper 
surfaces  of  the  major  rhombohedron. 

The  mechanism  of  interaction  between  the 
crystal  and  crystal  growing  medium  is  highly 
complicated,  and  there  is  much  enough  to 
investigate  yet. 

We  believe  that  investigation  of  the  factors 
influencing  the  formation  of  convective  flows  in 
autoclave  as  well  as  their  control  is  also  worth 
of  discussion,  but  it  is  in  our  following  paper. 
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ABSTRACT 

A  study  of  electrodiffusion  (sweeping)  and 
Irradiation  effects  on  hydroxyl  defects  has  been 
carried  out  on  good  quality  optically  clear  natural 
quartz  crystals.  The  crystals  were  of  Arkansas  and 
Brazilian  origin  which  are  generally  used  as  start¬ 
ing  material  in  hydrothermal  synthesis  of  high 
quality  cultured  quartz  crystals.  In  particular, 

various  OH  related  point  defects  have  been  moni¬ 
tored  using  Infrared  absorption  measurements  in  the 

3100-3700  cm  ^  range.  Our  estimates  from  the  irrad¬ 
iation  results  show  that  the  Brazilian  crystal  had 
relatively  much  higher  concentration  of  hydrogen 
than  the  Arkansas  crystal.  We  have  therefore  desig¬ 
nated  the  Brazilian  sample  as  'high-H'  and  Arkansas 
as  'low-H'  quartz. 

High-  and  low-H  samples  of  natural  quartz  in 
three  different  conditions,  unswept,  Na-swept  and 
H-swept,  were  subjected  to  a  sequence  of  low-  and 
room  -temperature  irradiations  that  separate  proton 
and  alkali  motion.  The  results  are  discussed  in 
terms  of  proton  and  alkali  motion  to  shallow  and 
deep  traps  and  compared  with  cultured  quartz. 

INTRODUCTION 

Quartz  oscillator  crystals  play  a  significant 
role  as  precision  oscillators  for  a  variety  of 
frequency  control  and  timing  devices.  In  fact,  in 
the  present  day  technology  for  various  kinds  of 
precision  equipment  the  name  'quartz'  has  become 
the  symbol  of  quality.  In  recent  years,  studies  on 
radiation  effects  in  crystalline  quartz  have 
received  considerable  attention  due  to  their  use 
in  flying  clocks  for  space  satellites.  It  is  now 
believed  that  a  variety  of  impurities  present  in 
quartz  crystals,  both  natural  and  synthetic  (also 
called  'cultured  quartz'),  incorporated  during 
their  growth  are  responsible  for  the  performance 
of  oscillator  crystals  in  a  radiation  environment 
[1-3].  At  present,  most  of  the  industrial  demands 
on  quartz  crystals  are  met  by  the  different  grades 
of  commercially  available  cultured  quartz  except 
for  those  where  a  radiation-resistant  quartz  is 
required  for  various  aerospace  applications.  Ther¬ 
efore,  radiation  effects  in  quartz  is  a  subject  of 
considerable  Interest  both  from  fundamental  as 
well  as  applied  aspects.  Also,  it  will  be  of  inte¬ 
rest  to  Ivestlgate  the  role  of  different  impurities 
present  in  natural  quartz  which  in  most  cases  is 
the  starting  material  for  growth  of  high  purity 
cultured  quartz. 


Various  interesting  point  defects  are  found 
to  occur  in  quartz  crystals  [2,4,5-llj.  Aluminum 
is  the  most  pervasive  impurity  in  quartz  and  is 
3+ 

present  as  A1  at  substitutional  sites  of  Si 
The  charge  compensation  at  Al^^  is  provided  by  one 
of  the  monovalent  impurities  such  as  Ll^,  Na^,  K*, 
or  H^  or  an  electron  hole.  These  centers  are  resp¬ 
ectively  designated  as  Al-M^  where  is  either  Nat 

Ll^  or  and  Al-OH  in  case  of  an  interstitial 
proton  compensating  the  negative  charge  of  aluminum; 

the  protons  forms  an  OH  molecule  with  the  adjacent 

oxygen.  The  Al-hole  centers  are  designated  as  Al-h^ 

or  [Al^^]°.  A  variety  of  techniques  are  used  to 

characterize  the  point  defects  in  quartz.  For 

example,  Al-Na^  centers  have  a  strong  acoustic  loss 
peak  at  33K  and  a  weaker  peak  at  133K.  Al-hole  and 
oxygen  vacancies  and  some  of  the  Ge-related  centers 
are  detected  by  using  electron  spin  tesonance. 
Martin  [  8 ]  has  shown  that  the  acoustic  loss  peaks 
at  23K,  lOOK  and  135K  are  related  to  the  production 
of  Al-hole  center. 

In  addition  to  the  Al-associated  centers  there 
are  other  types  of  point  defects  also  present  in 
quartz  (12).  They  include,  for  example,  oxygen 

vacancies,  Ge-associated  centers  and  numerous  OH 

related  defects.  Most  of  the  OH  related  defects 

are  the  stretching  vibrations  of  OH  molecules 
trapped  at  a  variety  of  unknown  sites  and  are 
detected  by  Infrared  absorption  measurements.  The 

OH  intensities  are  very  sensitive  to  the  tempera¬ 
ture  at  which  they  are  monitored.  In  fact,  at  room 
temperature  most  of  the  bands  due  to  temperature 
broadening  are  beyond  recognition.  It  is  therefore 
imperative  that  measurements  be  made  at  77K  or 
lower  if  defect  bands  are  to  be  monitored.  A  consi¬ 
derable  amount  of  work  has  already  been  done  to 
date  but  there  is  no  clear  understanding  of  the 

nature  and  origin  of  different  OH  related  bands. 

To  date,  only  the  bands  at  3367  and  3306  cm  have 
been  attributed  in  literature  to  be  due  to  protons 

trapped  at  oxygen  sites  around  an  Al^^  substituted 
4+ 

Si  in  the  quartz  lattice. 

Studies  on  near  Infrared  absorption  prior  to 
Kats  [13]  were  inconsistent  and  speculative.  Kats 
[13]  in  his  classic  study  of  infrared  absorption  in 
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quartz  has  reported  numerous  OH  related  absorption 
bands  In  a  variety  of  natural  and  synthetic  crystals 
and  attributed  some  of  the  bands  due  to  specific 
alkalis  associated  with  them.  Dodd  and  Fraser  [14] 
corroborated  Kats'  work  and  found  a  direct  relat¬ 
ionship  between  the  100°C  anelastlc  relaxation  peak 
In  5  MHz  resonators  and  the  hydrogen  bonded  to 

broad  OH  absorption  In  as  grown  cultured  quartz. 
While  the  number  of  absorption  bands  In  natural 
quartz  can  be  quite  high  and  their  relative  strengths 
are  uncorrelated  [13,1^),  the  cultured  or  synthetic 
quartz  has  always  a  set  of  four  principal  bands 

associated  with  as-grown  OH  impurities  with  peaks 

at  3348,  3437,  3400  and  3581  cm  !  These  intrinsic 
bands  In  cultured  quartz  are  called  growth-defect 
bands  and  their  strength  has  been  found  directly 
proportional  to  the  growth  rate  of  the  crystals 
[15).  Often,  these  bands  are  designated  as  s^,  s^. 

Sj,  and  s^  respectively  In  order  of  wavenumbers 

[16-22].  The  Al-OH  bands  which  are  produced  by 
Irradiation  or  electrodlffuslon  In  hydrogen  or  air, 

positioned  at  3306  and  3367  cm  ^  are  designated  as 
e^  and  e^.  Brown  and  Kahan  [23]  studied  the  effect 

of  Irradiation  and  electrodlffuslon  on  various 
specimens  of  natural  and  cutured  quartz  and  confir¬ 
med  the  proposal  of  Kats  [13]  that  the  bands  In 

crystalline  quartz  located  at  3306  and  3367  cm  ^ 
arise  due  to  the  location  of  hydrogen  around  substl- 
3+  4+ 

tuted  A1  for  SI  In  quartz  lattice.  The  paper 
of  Brown  and  Kahan  [23]  also  gives  a  comprehensive 
background  of  the  previous  work  on  infrared  absorp¬ 
tion  In  quartz  crystals.  Krefft  [24]  carried  out  a 

correlation  study  of  OH  absorption  bands  and  the 
vlsIble-ultravlolet  coloration  bands  before  and 
after  electrolyzing  the  crystals  at  high  tempera¬ 
ture  under  vacuum;  thus  apparently  after  sweeping 
the  holes  Into  the  crystals. 

Sibley  et.al.[25]  extended  the  Investigation 

on  3367  and  3306  cm  ^  bands  and  Included  the  effects 
of  Irradiation  and  annealing  of  high  quality  cult¬ 
ured  quartz.  These  authors  [25]  reported  that 

following  an  Intense  Irradiation  at  77K  the  Al-OH 
bands  are  neatly  equally  populated;  and  retain  their 
relative  strength  up  to  230K  during  annealing. 
Above  230K  a  reorientation  takes  place  In  the 
temperature  region  230-270K.  They  found  that  while 

the  band  at  3367  cm  ^  continues  to  grow  uptil  300K 
and  saturates  the  3306  cnf^  band  decreases  up  to 
300K  and  saturates.  Sibley  et.al.  [25]  Interpreted 
this  to  mean  that  these  bands  arise  from  OH”  mole¬ 
cules  In  two  different  but  closely  related  sites 
relative  to  aluminum  Ions  and  that  a  transfer  from 
site  to  the  other  takes  place  In  this  temperature 
region.  Halliburton  et.al.  [5,26]  have  recently_ 
obtained  additional  evidence  supporting  the  Al-OH 

model  for  the  3306  and  3367  cm  ^  bands  from  a 
parallel  study  using  electron  spin  resonance  (ESR) 
an<l  Infrared  absorption  (IR)  techniques .  Llpson 
et.al. [ 16-20]  studied  the  production  behavior  and 
polarization  characteristics  of  the  four  principal 
(Sj-s^)  bands  In  a  varlf ty  of  cultured  quartz 


samples  both  unswept  and  swept  versions  of  different 
grades  of  commercially  available  stones.  Later, 
these  workers  [21,22,27]  have  extended  their  Inves¬ 
tigations  In  evaluating  the  Inhomogenlety  Into  the 
crystals  by  nonuniform  growth  rates.  The  peaks  at 

3581  cm  ^  and  3367  cm  ^  were  used  to  monitor  respec¬ 
tively  the  as-grown  OH  and  Al-OH  point  defect 
centers  [19].  Llpson  and  Kahan  [22]  observed  large 
variations  In  substitutional  Impurity  concentrations 
along  the  crystal  growth  axis.  Subramanlam,  Halli¬ 
burton  and  Martin  [28]  investigated  the  effects  of 
Irradiation  at  80K,  196K  and  300K  in  a  variety  of 
synthetic  quartz.  In  addition  to  the  well  known  as- 
grown  s-bands  and  radiation  Induced  e-bands,  these 
authors  [28]  found  a  series  of  five  bands  at  3493, 
3503,  3557,  3547  and  3603  wavenumbers  produced 
after  an  Intense  Irradiation  at  80K.  The  new  set  of 
bands  was  labled  as  r^,  r^,  r^,  r^,  and  r^  bands 

respectively.  Irradiation  at  196K  produced  only  r^ , 

r,  and  r,  but  not  r.and  r-bands.  Room  temperature 
4  5  2  3 

Irradiation  did  not  produce  any  of  the  r-bands  but 
Instead  produced  the  well  known  e  and  e  (Al-OH  ) 

-  1  ^  ^ 

bands  at  3306  and  3367  cm  .These  authors  [28]  In 
their  studies  Included  the  effect  ''  Irradiation 
on  S-,  r  and  e-bands  and  InvestigaLed  their  thermal 
annealing  behavior.  They  found  that  all  the  four 
s-bands  decrease  In  their  Intensity  upon  irradia¬ 
tion  at  low  temperature  and  recover  to  their  orig¬ 
inal  strength  upon  annealing  to  nearly  760K.  The 
r-bands  showed  their  initial  growth  with  Increasing 
radiation  dose  and  saturation  on  extended  Irradia¬ 
tion  except  the  r^  band  at  3547  cm”^  which  contin¬ 
ued  to  grow  uptil  the  maximum  dose  of  1.8  x 
16  3 

10  MeV/cm  .  Thermal  anneals  of  r-bands  showed 
that  the  r^  band  anneals  out  completely  by  400K; 
the  other  r-bands  show  a  marked  decrease  in  the 
600-650K  region.  The  r^  and  r^  anneal  out  almost 

completely  and  the  r^  and  r,  do  not  completely 
vanish. 

In  a  recent  study,  Bahadur  [29]  has  shown  that 
In  a  variety  of  natural  quartz  of  different  origin 
a  set  of  major  bands  always  present  Is  at  3476 

cm  Al-OH  at  3306  and  3367  cm  A  number  of 

other  OH  related  bands  may  or  may  not  be  present 
In  conjunction  with  the  major  bands.  While  the 

Al-OH  bands  are  present  In  the  natural  quartz  In 
their  as-recelved  state  In  significant  strength, 
these  bands  In  cultured  samples  are  produced  only 
after  either  electrodlffuslon  (sweeping)  in  air  or 
hydrogen  or  irradiation  by  Ionizing  radiations  [23- 
25,30).  On  the  other  hand,  electrodlffuslon  or 
Irradiation  In  natural  quartz  Increases  the  strengtli 

of  Al-OH  centers  In  the  limit  to  saturate  all 
substitutional  aluminum  compensated  with  hydrogen 

[29],  Except  for  the  Al-OH  bands,  defects  respon¬ 
sible  for  the  other  Infrared  bands  have  not  been 
Identified  In  terms  of  any  specific  atomic  model. 

In  cultured  samples,  recently,  Martin  et.al. [31] 
have  reported  that  these  defects  can  also  trap 
alkalis.  While  the  hydrogen  trapped  at  these 
"growth-defect"  sites  does  not  cause  any  anelastlc 
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loss,  lithium  or  sodium  trapped  at  the  site 
produces  loss  peaks  at  305K  or  335K  respectively. 
These  loss  peaks  grow  rapidly  with  Irradiation  and 
then  show  some  decay  at  higher  radiation  doses. 

For  samples  with  small  OH  -growth  defect  to 
aluminum  ratios  the  decay  of  these  loss  peaks  is 
nearly  complete  while  for  samples  with  relatively 

large  OH  -growth  defect  to  aluminum  ratios  the 

peaks  show  only  a  small  decay.  The  OH  related 
growth  defects  are  the  source  of  hydrogen  that  Is 
transferred  to  aluminum  during  the  Irradiation 
process.  The  "growth-defects'  also  seem  to  act  as 
one  of  the  traps  for  the  alkalis  that  are  released 
from  the  aluminum. 

Radiation-Induced  mobilities  of  alkali  Ions 
and  protons  In  quartz  are  the  most  direct  effects 
that  are  apparently  responsible  for  the  performance 
of  a  quartz  oscillator  In  a  radiation  field  [5,7, 
32-45). While  the  protons  under  radiation  field  are 
mobile  at  all  temperatures,  the  movement  of  alkalis 
starts  only  about  and  above  200K  [5,7,25,46).  If  ^ 
quartz  crystals  are  Irradiated  above  200K,  the  Al-M 

centers  are  converted  Into  a  mixture  of  Al-OH  and 
Al-hole  centers.  The  relative  concentration  of 
production  of  Al-hole  centers  depends  upon  the 
number  and  nature  of  available  electron  traps.  On 
Irradiating  quartz  at  low  temperatures  (  77K), 

hydrogen  atoms  are  formed  due  to  dissociation  of 

OH  molecules  followed  by  a  displacement  of  hydro¬ 
gen  to  an  Isolated  Interstitial  site  where  It 
becomes  stably  trapped  (47).  Also,  In  case  of 

natural  quartz  where  Al-OH  centers  are  present  In 
the  as-received  unswept  state  or  H-swept  or  Irrad¬ 
iated  cultured  quartz,  the  low  temperature  Irradia¬ 
tion  as  In  cultured  crystals  (4,5,7)  would  convert 

the  Al-OH  centers  Into  Al-hole  centers. 

Previous  studies  on  Infrared  characteristics 
In  natural  quartz  (13,14,23)  were  confined  only  to 
the  Irradiation  at  room  temperature  and  electrodl- 
ffuslon.  Recently,  only  limited  Information  on 
Irradiation  effects  In  an  unswept  Brazilian  quartz 
were  published  (29)  as  a  function  of  Irradiation 
at  room  temperature  and  low  temperature.  In  this 
paper  we  present  results  of  our  Investigations  on 
the  radiation  Induced  Ion  movements  In  natural 
quartz  as  a  function  of  H-concentratlon  (high  and 
low),  the  sample  condition  (unswept  or  Ll-swept, 
Na-swept  and  H-swept)  and  Irradiating  temperature; 

77K,  room  temperature  and  final  Irradiation  at  77K. 

EXPERIMENTAL  DETAILS 

Two  natural  stones,  one  from  Arkansas  and  the 
other  from  Brazil  used  in  the  present  Investigation. 
Samples  of  matching  thickness  were  prepared  such 
that  the  c-axls  was  always  perpendicular  to  the 
Incident  beam  of  light.  In  this  case  the  electric 
vector"? of  the  Incident  light  was  always  parallel 
to  the  c-axls.  All  spectra  were  recorded  for  E  i  c. 
After  the  crystals  were  cut  and  polished,  they  were 
mounted  In  an  optical  Dewar  equipped  with  CaF^ 

windows  and  capable  of  reaching  +  2K.  Near-Infrared 
absorption  was  measured  with  a  Beckman  4240  double 
beam  spectrophotometer  In  which  ratio  recording  of 
sample  and  reference  signals  was  done  electronlcally- 


Crystals  were  Irradiated  first  at  77K,  warmed  to 
room  temperature,  and  finally  Irradiated  at  77K. 

The  Irradiation  was  carried  out  by  a  Van  de  Graaff 
electrostatic  accelerator.  The  acceleration  voltage 
used  was  1.75  MeV  and  the  current  density  on  the 
2 

sample  was  10  uA/cm  .The  distance  of  the  sample  In 
cryostat  and  the  window  of  the  accelerator  was  5  In.  ; 
this  setting  was  used  at  each  step  of  Irradiation. 
Time  of  Irradiation  was  2  min  every  time.  The 
Irradiation  time  was  controlled  by  a  Gralab  model 
900  programmable  timer.  This  irradiation  deposited 
a  dose  typically  around  2  Mrad.  Samples  were  mounted 
In  the  optical  Dewar  and  Irradiated  In  the  Dewar 
Itself  without  demounting.  The  radiation  port  for 
the  cryostat  consisted  of  a  5-mll  aluminum  window. 

Samples  were  swept  by  Na,  LI  and  hydrogen. 
Prior  to  sweeping,  the  samples  were  given  an  optical 
finish.  Our  sweeping  process  began  by  vapor  depos¬ 
iting  gold  electrodes  on  the  two  samples  faces.  If 
LI  or  Na  was  to  be  swept  the  appropriate  salt  was 
first  evaporated  on  one  side,  then  a  gold  electrode 
was  deposited  over  the  salt.  The  electrodiffusion 
was  carried  out  at  a  temperature  of  490°  C. 
Alkali  sweeps  l.e.,  taking  alkalis  Into  the  crystal, 
were  done  In  a  vacuum  while  an  H^  atmosphere  was 

used  for  sweeping  protons  Into  the  crystal.  The 
applied  electric  field  was  approximately  30V/cm  for 
alkali  sweeps  and  1500  V/cm  for  hydrogen.  A  digital 
multimeter  and  a  laboratory  computer  were  used  to 
monitor  the  sweeping  current  as  a  function  of  time. 
Near  the  completion  of  sweeping,  we  believe  only 
one  species  of  Ion  was  being  transported  and  the 
sweeping  current  reached  a  steady  state;  this 
usually  took  about  20-24  hours  for  a  hydrogen  sweep 
and  about  two  hours  for  alkali  sweep.  Once  the 
sweeping  was  complete  the  furnace  temperature  was 
slowly  programmed  down.  During  the  cool  down  process 
the  electric  field  remained  still  on  to  prevent 
back  diffusion  of  alkali  Ions  or  protons. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  a  representative  case  of  near 
Infrared  absorption  spectra  of  unswept,  Na-swept 
and  H-swept  condition  of  a  natural  quartz.  Out  of 
a  number  of  absorption  bands  shown  In  Figure  1 
only  the  bands  for  which  a  model  has  been  suggested 

are  at  3306  and  3367  cm  .  Kats  (13)  first  suggested 
that  these  bands  are  due  to  an  OH”  bond  adjacent 
to  substitutional  aluminum  and  the  subsequent 
research  on  natural  as  well  as  cultured  quartz  (5- 
11,  14-25,29,30)  have  corroborated  Rats'  model 
(13).  The  bands  at  3306  wavenumber  represents  the 
proton  trapped  at  the  short-bond  oxygen  and  the 
proton  trapped  the  long-bond  oxygen  shows  absorp¬ 
tion  at  3367  wavenumber.  In  the  text  to  follow  the 

3306  cm  ^  band  will  be  represented  as  A1  and  the 

-1  ® 

3367  cm  as  Alj^;  the  suffixes  s  and  1  respectiv¬ 
ely  denote  as  short  and  long  bond  Al-OH  center. 
The  other  spectral  bands  may  be  attributed  to 
impurity  elements  which  have  (1)  alkalis  and  hydro¬ 
gen  together,  (11)  only  hydrogen  and  (111)  Isolated 
minor  lines  e.g.  the  one  at  3595  wavenumbers 
present  in  all  swept  conditions.  In  the  alkali 
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swept  conditions  four  separate  groups  of  Lines  are 
observable  and  In  each  group  there  is  one  major  and 
In  each  group  there  Is  one  major  and  several  minor 
lines  while  in  the  hydrogen-swept  condition  the 
situation  degenerates  to  two  groups  having  one 
major  line  and  several  minor  lines  in  each  ("toup. 
These  group  numbers  are  arbitrarily  marked  in  the 
Figure  In  Increasing  order  of  wavenumbers. 

in  natural  quartz  of  different  origins.  It  has 
has  been  found  that  th  bands  always  present  in 
significant  strength  are  at  3476,  3367  and  3306 

cm  .  While  the  latter  two  are  the  known  a1-UH“ 

defect  centers,  the  3476  cm'^  has  been  found  [29] 
to  be  associated  with  the  presence  of  Ll  and  H  Ions 
together.  Na-sweeplng  results  in  a  prominent  band 

at  3451  cm~*  along  with  A1-0H~  centers.  In  the  H- 
swept  condition  the  major  band  positions  occur  at 

3468  cm  *  and  the  Al-OH  hands.  Henceforth,  these 
major  bands  dependent  on  alkali  and  H  or  H-sweeplng 

will  be  given  a  generic  designation  e.g.  3476  cm”*; 

Ll  and  H  dependent  will  be  designated  as  Ll-n3a, 
the  3451  cm~*  :  Na  and  H  dependent  as  Na-n2a  and  the 
3468  cm  ^  Induced  by  H-sweeplng  as  H-n2a  where  n 
stands  for  natural  quartz,  group  number  1  to  4  (or 
1  to  2  for  H)  by  Increasing  wavenumber  letter  for 
the  lines  within  each  group  by  decreasing  intensity 
and  a  for  the  strongest  line  In  the  group.  Each 
line  group  may  possibly  be  attributable  to  defects 
associated  with  one  of  the  four  Inequivalent  oxygen 
positions.  With  H-sweeplng  Induced  defects  the 
situation  Is  degenerate  resulting  In  two  groups  as 

one  finds  It  also  with  the  Al-OH  defects.  The 
smaller  lines  within  each  group  signify  different 
kinds  of  local  displacements  essential  to  parti¬ 
cular  point  defect  species. 

Figure  2  shows  the  near  Infrared  spectra  in 
unswept  or  as-received  condition  of  two  crystals 
for  which  the  Irradiation  results  will  be  presented 
later.  The  crystals  as  mentioned  earlier  are  of 
Brazilian  and  Arkansas  origin.  It  may  be  seen  that 
the  two  crystals  have  primarily  the  same  spectral 
features  except  that  the  Intensity  of  absorption 
bands  In  Brazilian  quartz  Is  much  higher  than  In 
the  Arkansas  quartz.  Some  of  the  bands  present  lu 
the  significant  strength  In  the  Brazilian  quartz 
are  not  observable  In  the  Arkansas  quartz.  Using 
the  H-swept  spectra  of  the  two  crystals  we  find 
that  the  Al-ratlo  calculated  using  the  formula 
(  Al^+  Al^  (Brazllian)/Alj^  +  Alg  (Arkansas))  Is 
nearly  1.2.  By  comparing  the  H-swept  spectra  of  the 
two  crystals  with  the  spectra  of  their  respective 
unswept  state  we  find  that  In  the  particular  Braz¬ 
ilian  sample  of  Figure  1  or  2  In  Its  unswept  state 
nearly  40Z  of  the  substitutional  aluminum  Is  charge 
compensated  with  hydrogen  Ions  and  remaining  60% 
with  alkalis  mostly  Ll.  Such  a  comparison  In  the 
Arkansas  crystal  shows  that  almost  30%  of  the 
substitutional  aluminum  Is  charge  compensated  by 
alkalis,  evidently  Ll. 

Halliburton  et.al  (5,46)  have  shown  that  during 
Irradiation  the  onset  of  movement  of  alkali  Ions 
from  the  aluminum  centers  In  quartz  starts  only 


Figure  1:  Infrared  absorption  spectra  of  a  natural 
quartz  crystal  depicting  all  the  major  bands  In  Its 
unswept,  Na-swept  and  H-swept  conditions. 
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Figure  2:  Infrared  absorption  spectra  of  low-H  and 
hlgh-H  natural  quartz  crystals  In  their  as-received 
condition. 
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when  the  sample  temperature  Is  about  or  above  200K. 
Sibley  et.al.(251  on  the  other  hand  have  shown  that 
the  protons  In  quartz  crystals  are  mobile  unde  ■ 
Irradiation  at  all  temperatures  down  to  lOK.  Ue 
believe  that  the  situation  with  regard  to  detra¬ 
pping  of  alkalis  from  defects  even  other  than  those 
in  olvlng  aluminum  may  be  taken  as  analogous  as  far 
as  the  Irradlatlong  temperature  of  the  sample  Is 
concerned.  Thus,  from  the  spectra  of  the  irradiated 
crystals  and  the  fact  thav.  at  77K  Irradiation  only 
protons  move  and  upon  Irradiation  at  room  tempera¬ 
ture  both  alkalis  and  protons  are  mobile,  our 
estlmites  show  that  the  Li  concentration  in  the 
Brazilian  sample  is  approximately  5.2  times  higher 
compared  to  that  In  the  Arkansas  sample.  Similarly, 

'  ,1  ratio  is  3.25  and  H  ratio  is  3.2.  Therefore,  It 
is  reasonable  to  believe  that  due  to  relatively 
much  high  concentration  of  both  Li  and  H  In  the 
Brazilian  sample  in  its  unsuept  condition  the 
intensities  of  all  Ll-H  related  Infrared  bands  are 
much  higher  compared  to  the  intensities  of  these 
bands  In  the  Arkansas  sample.  From  the  above  we  see 
that  in  t  e  Brazilian  sample  th"  H  ratio  is  subs¬ 
tantial!''  higher  than  the  Al-ratlo  in  comparison 
with  the  Arkansas  quartz.  We  shall  therefore  desig¬ 
nate  the  Brazilian  sample  of  the  present  study  as 
hlgh-H  and  the  Arkansas  sample  as  low-H  qu.nrtz. 
With  this  H-1  Imi ta t Ion,  only  the  most  preferred 
defect  sites  are  occupied,  i.e.  the  minor  lines  are 
all  very  weak  and  even  the  dominent  lines  of  the 
non-preferred  groups  are  quite  weak.  After  Na 
sweeping  the  spectra  show  dominance  of  one  line, 
even  without  H-llraltatlon,  presumably  caused  by  the 
larger  ion  size  preventing  the  occupancy  of  some 
of  the  defect  site;.  After  H-sweeplng,  degeneracy 
reduces  the  number  of  groups  to  two.  The  hlgh-H  and 
low-H  spectra  in  the  H-swept  condition  were  found 
to  be  somewhat  less  different  than  in  the  unswept 
condition,  presumably  the  great  H-influx  during  H- 
sweeplng  has  somewhat  relieved  the  H-llmltatlon, 

In  the  present  work  irradiation  is  used  as  a 
tool  for  characterization  of  Infrared  active  defect 
centers  In  quartz.  At  77K  irradiation,  only  protons 
move;  they  come  to  rest,  most  in  shallow  and  some 
in  deep  traps.  Warm  up  to  room  temperature  will 
release  most  of  them  back  to  their  original  defect 
species;  those  not  returning  must  have  been  cap¬ 
tured  by  deep  traps  and  need  higher  temperature  for 
release.  With  shallow  and  deep  defined  in  this  way, 
irradiation  at  77K  and  subsequent  warmup  can  be  used 
to  get  an  estimate  for  the  concentration  of  shallow 
and  deep  proton  traps.  Irradiation  at  room  tempe¬ 
rature  allows  movement  of  both,  protons  and  alkali 
ions.  Spectra  taken  some  time  afterward  would  then 
yield  the  combined  concentration  of  deep  trapping 
sites  for  H  and  alkali.  Subsequent  effects  of 
second  irradiation  at  77K  should  be  compared  with 
the  first  low-temperature  Irradiation. 


Comparative  studies  of  Irradiation  Characteristics 


Figures  3  and  4  respectively  show  the  spectra 
upon  irradiation  sequence  of  unswept  high-H  and 
low-H  quartz.  At  the  first  77K  irradiation  the 
general  feature  was  that  all  bands  decreased  in  their 
strength  significantly  except  the  Al^  at  3306  cm~^ 


which  has  been  found  to  grow  upon  low  temperature 
irradiation  in  both  natural  [29]  and  cultured 
;uartz  [25).  ;■  was  further  noticed  that  at  this 
stage  some  new  low  strength  IR  jands  were  produced 
in  hlgh-H  sample  only.  These  bands  were  pos'tloned 

at  3625,  3618,  3455  and  3^20  cm  .  Upon  warming 
to  room  temperati re  the  bands  at  3625  and  3618  cn”^ 
otayed  but  their  Intercity  was  much  reduced.  Other 
new  bands  introduced  were  lost  In  the  background  at 

this  stage.  The  3595  cm  ^  which  was  removed  at  the 
first  77K-irradiatlon  recovered  to  its  as-recei .ed 
condition.  All  other  bands  showed  a  recovery  bet¬ 
ween  85-95%  of  their  as-received  strength.  Since, 
most  of  the  bands  recover  significantly  upon  warm¬ 
ing  to  room  temperature  foil;  jlng  a  77K-lrra Jiatlon 
it  is  suggested  that  the  protons  which  are  released 
from  the  specific  defect  centers  get  trapped  mostly 
In  shallow  traps;  those  not  returning  get  into  deep 
trapping  centers  in  the  quartz  lattice.  Table  (1) 
summarizes  the  resultant  percentage  change  in  the 
band  strength  in  both  high-H  and  low-H  unswept 
quartz  as  a  function  of  Irradiation  sequence.  It 
may  be  seen  that  some  bands  such  as  at  3595,  3575, 
3520,  3507,  3437,  3430,  3395  and  3383  wavenumbers 
decreased  in  identical  proportion  in  both  sampl.  s 
at  the  first  77K-irradiatlon  as  well  as  the  final 
77K-irradlatlon .  Some  bands  which  we'e  knocked 
down  at  room  temperature  Irradiation  such  as  at 

3575,  3520,  3507,  3468,  3460  3437  and  3383  cm“^ 
were  decreased  at  the  subsequent  77K-irradlatlon  in 
the  same  proportion  as  they  were  decreased  under 
the  first  77K-irradiation  from  their  as-received 
strength.  These  bands  t.ierefore  represent  some 
specific  point  defect  configuration  which  Is  typical 
of  natural  quartz  crystal  in  its  unswept  date, 

Interestingly,  the  very  small  band  at  3451  cm'^ 
which  was  lost  to  background  at  the  first  77K 
Irradiation,  started  appearing  at  room  temperature 
Irradiation  in  the  low-H  sample  and  appeared  in 
nearly  four  times  of  its  as-received  strength  in 
the  hlgh-H  sample  at  the  stage  of  final  77K  irradia¬ 
tion.  Only  in  the  case  of  hJgh-H  sample  two  new 

small  bands  one  at  3535  cm  ^  and  the  other  at  3320 

cm  were  observed  at  the  first  77K  Irradiation. 
Another  interesting  feature  can  be  observed  that 
during  the  entire  sequence  of  Irradiation  the 
Ll-n3a  band  and  its  shoulder  band  at  3480  cm'^  were 
found  to  decrease  at  each  step.  Hoveve.-,  for  the 
low-H  sample,  the  decrease  of  Ll-n3a  band  was 
faster  than  for  hlgh-n  sample  at  all  stages  of 
irradiation. 

Some  interesting  features  emerged  at  room- 
temperature  Irradiation.  A  very  small  new  band  at 

3560  cm~I  appeared  only  In  hlgh-H  sample.  The  very 

snail  3535  cm  ^  bandthat  appeared  ouiy  In  hlgh-H 
quartz  after  77K  irradiation  started  appearing  in 
the  low-H  sample  at  very  low  strength  at  this  stage 

In  the  case  of  hlgh-H  sample  the  3535  cm“‘  band  at 
room-temperature-lrradlatlon  attained  an  Increased 
strength  of  about  three  tlmes^of  its  77K-lrradlated 
value.  A  new  band  at  3410  cm  appeared  in  both 
samples  but  was  much  more  prominent  in  the  hlgh-H 
sample.  Brown  and  Kahan  (23)  have  observed  that  in 
natural  quartz  a  line  at  3434  cm“I  appeared  upon 
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Figure  4:  Infrared  absorption  spectra  showing 

the  effect  of  Irradiation  sequence 
on  unswept  low-H  (Arkansas  origin) 
quartz  crystal. 


Figure  3:  Infrared  absorption  spectra  showing 

the  effect  of  irradiation  sequence 
on  unswept  hlgh-H  (Brazilian  origin) 
quartz  crystal. 


room  temperature  irradiation  and  the  intensity  of 
lines  at  3367  and  3306  wavenumbers  was  increased. 

These  authors  [23)  found  that  the  3434  cm  ^  band 
appeared  at  relatively  high  radiation  dose  =100 
M  rad.  Ue  have  found  that  this  line  appears  In 
low-H  sample  at  a  relatively  much  less  radiation 
dose  of  2  M  rad  at  room  temperature  irradiation. 

On  the  other  hand,  in  the  hlgh-H  sample,  the  bands 
in  this  region  decreased  at  all  steps  of  irradia¬ 
tion.  In  the  present  work  we  have  also  found  that 
the  room  temperature  Irradiation  increases  the 

Intensity  of  A1-OH~(3306  and  3367  cm  lines.  The 

radiation  effects  on  A1-0h"  in  differently  swept 
natural  quartz  Is  described  in  a  separate  section. 
Another  interesting  feature  in  the  case  of  hlgh-H 

sample  only  was  that  the  3320  cm  ^  band  produced  at 
77K-lrradiatlon  was  removed  and  another  band  at 

3355  cm~^  came  up.  At  the  stage  of  final  irradia¬ 
tion  at  77K  the  3595  cm~^  band  was  removed  in  both 

Che  samples  and  the  3560  cm  band  introduced  at 
room  temperature  irradiation  in  hlgh-H  sample  was 

also  removed.  The  band  at  3240  cm  which  started 
appearing  at  room  temperature  irradiation  became 
more  prominent  and  readily  seen  In  both  the  samples. 

Comparative  Studies  of  Irradiation  Characteristics 
of  Na-swept  Hlgh-H  and  Low-H  Quartz; 

Figure  5  and  6  respectively  show  the  spectra 
of  as  Na-swept  and  after  each  step  of  irradiation 
for  both  hlgh-H  and  low-H  quartz.  It  may  be  seen 
from  the  spectra  that  while  some  bands  on  the  high 
frequency  side  of  Al^  in  Na-swept  condition  are 

distinctly  resolved  in  hlgh-H  samples, they  may  be 
minutely  seen  in  the  low-H  sample.  After  the  first 
77K  irradiation  the  general  feature  was  that  all 

the  bands  except  those  at  3476  and  3468  cm  ^  both 
present  in  small  strength  and  the  Al^  at  3306 

cm  ^  showed  a  reduced  strength.  On  the  other  hand 
the  3476  cm"\  3468  cm”^  and  the  Al^  bands  showed 
an  Increased  strength.  The  increase  in  the  Al^  band 

at  low  temperature  Irradiation  is  the  usual  beha¬ 
vior  [25,29].  However,  the  behavior  of  3476  cm 

and  3468  cm  bands  in  the  Na-swept  condition  under 
the  first  low  temperature  irradiation  is  opposite 
of  the  unswept  condition.  While  in  the  unswept 
condition  these  bands  showed  a  reduction  in  their 
intensity  at  all  stages  of  irradiation  in  the 
sequence;  in  the  Na-swept  condition  upon  the  first 
irradiation  at  77K  these  bands  showed  aslgnlficant 
Increase  in  their  intensity.  Both  the  bands  incre¬ 
ased  more  in  the  low-H  sample  than  in  the  hlgh-H 
one.  Table  (II)  summarizes  the  resultant  percentage 
change  in  the  band  strength  in  both  hlgh-H  and 
iow-H  Na-sv’ept  quartz  as  a  function  of  Irradiation 
sequence.  An  interesting  point  may  be  noted  here. 
The  3476  cm”^  band  in  both  the  Na-swept  samples 
behaved  almost  identically  uptil  the  stage  of  room 
temperature  irradiation.  At  the  subsequent  final 


irradiation  at  77K  the  low-H  sample  showed  an 
Increase  ani  the  hlgh-H  quartz  exhibited  a  decrease 
In  the  intensity  of  this  band. 

The  3468  cm  ^  band  in  high-H  sample  showed 
about  150*  increase  in  the  intensity  at  the  first 
77K  irradiation  while  in  the  low-H  sample  this  band 
remained  almost  unaffected.  Upon  warming  to  room 
temperature  this  band  appeared  in  about  triple  of 
its  as-Na-swept  strength  in  the  low-H  sample  while 
it  remained  at  its  77K-irradlated  value.  At  300K 
irradiation  in  both  the  samples  this  band  attained 
a  value  of  about  200%  of  the  as-swept  strength. 
Interestslngly,  at  the  subsequent  final  Irradiation 
at  77K  this  band  behaved  oppositely  in  low  and 
high-H  samples.  In  the  low-H  sample  it  was  lost  to 
background  while  in  the  hlgh-H  one  it  continued  to 
increase  and  attained  a  value  of  about  250%  of  its 
as  Na-swet  strength. 

It  may  be  noted  from  Figures  1  and  3-6  that 
in  the  as-Na-swept  condition  the  band  at  3476  cm  ^ 

is  more  intense  than  the  3468  cm  ^  band;  a  situa¬ 
tion  opposite  of  the  unswept  state  of  natural 
quartz.  These  bands  Increase  under  the  first  77K 
irradiation.  Upon  warming  to  room  temperature  these 
bands  showed  a  reversal  in  their  relative  strength; 

the  3468  cm  ^  band  increased  much  while  the  3476 
cm  ^  band  decreased  considerably.  Also  ,  the  3437 

cm  band  in  the  Na-swept  condition  behaved  oppo¬ 
site  to  the  case  of  unswept  crystal.  At  the  low 
temperature  irradiation  this  band  was  knocked  down 
in  identical  proportion  in  both  samples  and  recov¬ 
ered  to  as-Na-swept  strength  in  both  samples. 
Irradiation  at  300K  Increased  Its  strength  by  about 
25%  in  both  samples  and  the  subsequent  final  low 
temperature  irradiation  reduced  this  band  (65%  of 
as-Na-swept  value)  in  high-H  sample.  On  the  other 
hand  in  the  unswept  condition  this  band  showed  a 
decrease  at  all  stages  of  Irradiation.  However,  the 
similarity  was  that  at  the  stage  of  final  low 
temperature  irradiation  this  band  was  knocked  down 
more  in  low-H  quartz. 

The  Na-n2a  (3451  cm  ^  )  band  in  both  the 
samples  exhibited  a  similar  character  of  diminish¬ 
ing  in  strength  at  all  stages  of  Irradiation  as  also 
shown  by  the  Ll-n3a  band  in  unswept  condition.  A 
comparison  of  Ll-n3a  band  (in  unswept  condition) 
with  Na-n2a  band  (in  Na-swept  condition)  shows  that 
during  the  irradiation  carried  out  the  Na-n2a  band 
decreased  much  faster  than  the  Li-n3a  band  at  all 
stages  of  irradiation  in  both  the  samples.  This 
Indicates  that  both  Li  and  H  are  relatively 
strongly  bonded  to  the  defect  center  representing 
the  Ll-n3a  band  as  compared  to  the  Na  and  H  at  the 
Na-n2a  band. 

An  interesting  difference  was  observed  with 
regard  to  production  of  new  sma71  bands  at  3625  and 
3618  wavenumbers  in  the  unswept  and  Na-swept  condi¬ 
tions.  In  the  unswept  case  these  bands  appeared 
only  In  high-H  sample  upon  first  Irradiation  at  77K. 

After  Na-sweeping,  the  3625  cm  ^  band  was  produced 
only  in  low-H  sample.  However,  the  3618  cm”^  small 
band  in  conjunction  with  two  others  at  3570  and 
3545  cm  appeared  in  both  the  samples.  The  3520 
cm  ^  band  which  was  not  initially  present  In  the 
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TABLE  -  I 


Suaury  of  rotultont  p«cconU(«  choojo  In  thn  Infrarnd 
of  unompt  nntural  quarta  eryatala  of 
aa  a  function  of  Irradiation  at  lot#-,  roon  and 
Irradiation  (radiation  doaa  at  avary  atap  »  2  Wrad). 


band  atrangth 
concaatratlon 
lov'tanparatura 


Treatment 

given 


Band 

positions 
(cm  ) 


■aaultant  ehanga  In  ralatlon  to  the 
aa-racalvad  band  atrangth  of 


Comments 


AS-RECEIVED 


Hlgh-H  Quarta 


Lou-d  Quarta 


3595 

Ranovad 

Renoved 

3575 

Unaffected 

3520 

Reduced  to  63Z 

Reduced  to 

60Z 

3507 

Reduced  to  60t 

Reduced  to 

60Z 

3490 

Reduced  to  75X 

3476  (Ll-n3a) 

Reduced  to  86t 

Reduced  to 

70Z 

First 

Irradiation 

3468 

Lost  to  Background 

at  77K 

3460 

Lott  to  Background 

3451 

Loat  to  Background 

Lost  to  Background 

3437 

Reduced  to  50Z 

Reduced  to 

50Z 

3430 

Reduced  to  50Z 

Reduced  to 

50Z 

3420 

Reduced  to  85Z 

3395 

Reduced  to  75Z 

Reduced  to 

75Z 

3383 

Alnoat  unaffected 

Alnoat  unaffected 

3367  Al 

EFFECT  ON  A1-0H‘  BANDS 

IS  DESCRIBED  SEPARATELY 

3306  Al^ 

IN  TABLE  -  V. 

(I)  Tha  band  at  3575  cn  uaa  vary 
anall  In  hlgh-H  aanpla  and  uaa  not 
obaervable  In  tha  lou-H  aanpla  In  Ita 
aa-racalvad  condition. 

(II)  Two  nau  anall  banda  at  3625  and 
361*  wavanunbara  appaarad  along  with  a 
ahouldar  at  3322  wavanunbar  in  hlgh-H 
aanpla  only.  Ho  auch  band  appaarad  In 
the  lou-H  aanpla. 

(III)  The  band  at  3**0  cm  *  uaa  not 
dlacemlbla  In  lou-H  aa-recalvad  quart*. 

(Iv)  There  uaa  a  tendency  for  appearance 
of  a  very  anall  band  at  3535  wavanunbar 
In  hlgh-H  aanpla  only. 

(v)  The  3*6*  and  3*60  cn'^  banda  were  not 
dlacemlbla  In  Ita  aa-cacelved  condition 
In  low-H  aaaple. 

(vl)  A  new  and  anall  band  at  3*55  cn  * 
appeared  In  hlgh-H  aaaple  with  a  tendency 
to  appear  In  the  lou-H  aanpla  alao. 

(vll)  The  3*20  ca~*  band  uaa  hardly 
dlacemlble  In  lou-H  aanpla  . 

(vlll)  A  nau  anall  band  appeared  at  3320 
wavanunbara  In  hlgh-H  quartz  only. 


Warned  to  Connenta; 

roon  tenperature 

(1)  Snail  bands  at  3625  and  3618  cm  Introduced  In  hlgh-H  aanpla  at  77K  Irradiation 
stayed  upon  warning  to  roon  tenperature.  However,  their  Intensities  were  ncuh  reduced. 

(ID  The  3595  cn  *  band  recovered  to  Its  half  Intensity  In  both  aanples. 

(Ill)  All  other  bands  showed  a  recovery  between  85-951  of  their  aa-recelved  strength. 


Treatment  Bend  Resultant  change  in  ralatlon  to  tha 

given  positions  as-racalvad  band  strength  of  Comments 

(cm  L  - 

Hlgh-H  Quartt  Low-H  Quart! 


Irradiation 
at  roon 
tan^ratura 


35$i 

3575 

3520 

3507 

3480 

3476  (Ll-n3a) 

3468 

3460 

3451 

3437 

3430 

3420 

3395 

3383 


Reappeared 

to  75Z 

Reduced 

to 

50Z 

Reduced 

to 

28Z 

Reduced 

to 

30Z 

Loat  to 

Background 

Reduced 

to 

73Z 

Reduced 

to 

40Z 

Renoved 

Loat  to 

Background 

Reduced 

to 

35Z 

Reduced 

to 

65Z 

Renoved 

Reduced 

to 

35X 

Loat  to 

Background 

Raappaarad  to  75X 


Ranovad 

Raducad  to  30X 
Loat  to  Background 
Raducad  to  52Z 


Raducad  to  50Z 
Loat  to  background 
Ranovad 

Loot  to  Background 
Loat  to  Background 


3367  Al.  ErrECT  ON  A1-0H"  BANDS  IS  DESCRIBED  SEPARATELY 

3306  Al^  IN  TABLE  -V. 


(I)  A  very  anall  oav  band  at  3560  cn  *  wan 
aaan  only  In  htgb-H  aanpla. 

(II)  The  vary  anall  3535  cn  ^  band  that 
appaarad  in  hlgh-H  quarts  after  77K-lrrad- 
lation  started  appearing  In  low-H  aanpla 
after  roon  tenperature  Irradiation.  However, 
the  Intensity  was  very  anall.  In  tha  case 
of  hlgh-H  aanpla  tha  band  attained  an 
Increased  strength  of  about  3  tinea  of  Its 
77R-lrradlated  value. 

(III)  A  new  band  at  3410  cn  ^  appaarad 
In  both  sanplaa;  pronlnant  In  hlgh-H. 

(Iv)  Tha  3320  cn  ^  band  produced  at  77K 
Irradiation  was  ranovad  and  another  band  at 
3355  wavanunbar  started  appearing  In  hlgh-H 
aanpla  only. 

(v)  Banda  at  3625  and  3618  cn  ^  introduced 

at  77R-lrradiatlon  and  stayed  upon  warning  to 
roon  tenperature  vanish  at  this  stage. 

(vi)  A  snail  band  3240  cn  ^  started  appearing 
In  both  the  sanplaa. 
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Treatment  Band 
given  positions 

(cm  ^  ) 


tcaulUBt  eh«ac«  ta  r«l«tloa  to  tho 
••*r«c«lvod  bond  atroodth  of 


Hlgb-H  Quorta 


tot#-H  Quartz 


Comments 


3595 

Reaovad 

Reaoved 

3575 

Raaalnad  to  SOX 

3520 

Raducad  to  I7X 

Lost  to 

Background 

3507 

Reducad  to  22Z 

Lost  to 

Background 

3480 

Final 

irradiation 

3476  (Ll-ii3e) 

Reduced  to  60X 

Reduced 

to  65X 

3468 

Lost  to  8ackground 

Lost  to 

Background 

at  77K 

3460 

Lost  to  Rackground 

Lost  to 

Background 

3451 

Increased  to  4  times 

Started 

appearing 

3437 

Reduced  to  18X 

Reduced 

to  15X 

3430 

Reduced  to  18X 

Reduced 

to  15X 

3420 

Started  appearing 

See  coaaenta 

3395 

Reduced  to  24X 

3383 

Lost  to  Background 

Lost  to 

Background 

3367  Alj 

lift*  A1  EPPECr  ON  ai-oh‘  bands  is  described  separately 

"a  IN  TABLE  •V. 


(I)  The  3395  ca~^  bend  got  roaovod 
In  both  the  aeaplea. 

(II)  The  3560  ca  ^  bead  iotroduced  at 
rooB  tc^erature  Irradlatloa  la  hlgb-fl 
aaaple  got  reaovad. 

(III)  la  the  low'll  aaaple  a  aaall 
eavelope  waa  obaerved  coaalatlag  of  aaall 
baada  In  the  3437'3420  waveauaber  regiua. 
Ob  the  other  hand,  la  the  hlgbHi  aa^le 
the  band  at  3520  waveauaber  atarted 
appearing. 

(Iv)  The  band  at  3240  ca  ^  which  atarted 
appearing  at  rooa  teaperature  Irradiation 
becaae  acre  proalnent  and  readily 
obaervable  in  both  the  aaaplea. 


TABLE  -I 

Suoaery  of  reeultant  percentage  in  the  lafrered  band  strength 
of  Ne-swept  natural  guerts  crystals  of  high'll  end  low'H  concentration 
as  a  function  of  Irradiation  at  low-,  rooa-  and  again  low-taaperature 
Irradiation  (radiation  dose  at  every  step  •  2  Nrad). 


Band 

Treatment  positions 

given  /  -Iv 

^  (cm  ) 

AS-Na-SUEPT 


Reaultant  change  In  relation  to  the 
aa-Na-awept  band  atrength  of 


Hlgh-H  Quarts 


Low-H  Quarts 


Comments 


Plrst 

Irradiation 
at  77K 


3595 

Reduced  to 

40X 

Lost  to  Background 

3585 

Alaoat  Unaffected 

Reduced  to 

502 

3555 

Reduced  to 

50X 

Reduced  to 

50X 

3520 

Alaoet  Unaffected 

Sec  Coaaenta 

3507 

Reduced  to 

70X 

Reduced  to 

70X 

3476 

Increased 

to  200X 

Increeeed  to  230X 

3468 

Increeeed 

to  150X 

Unaffected 

3451  (Na-n2a) 

Reduced  to 

66X 

Reduced  to 

60t 

3437 

Reduced  to 

60X 

Reduced  to 

60X 

3395 

Reduced  to 

70X 

Reduced  to 

50Z 

3385 

Reduced  to 

65X 

Reduced  to 

45Z 

3375 

Reduced  to 

BOX 

Reduced  to 

70X 

3350 

Slightly  Increeacd 

Slightly  Increased 

3367  Alj 

ETTECT  ON  A1-0h”  8ANOS 

IS  DESCRIBED  SEPARATELY 

3306  Al. 

IN  TABLE  -V. 

(I)  Three  new  aaall  bende  at  3616,3570 
end  3545  wevenuabera  ere  produced  In  both 
ae^lea.  A  bend  at  3625  wavanuabar  (In 
aaall  strength)  waa  produced  only  In  low-H 
aaaple.  This  te  contraeted  with  unswept 
quarts  where  the  3625  and  361B  waveauaber 
bende  were  produced  only  in  hlgh-H  eeaple 
upon  77K-lrredlatlon. 

(II)  The  3520  ca  ^  band  waa  not  present  In 
the  aa-Na-ewept  LowHt  quarts  but  appeared 
In  low  strength  after  77K-lrredlatloo. 

(ill)  There  wee  an  appearaoca  of  a  ahouldar 
band  at  3470  wavanuabar  on  the  lower 
frequency  elds  of  3476  wavanuabar  band  In 
both  eaaplea. 

(Iv)  In  tha  ao-Na-ewapt  condition  tha  band 
at  3476  wavanuabar  was  aore  Intenaa  than 
the  3466  wavanuabar  band.  This  situation  la 
opposite  of  the  unswept  state  of  natural 
quarts.  These  bends  increased  upon  first 
77K-lrredlation. 

(v)  A  bend  at  3240  ca  ^  started  appearing 
In  low-H  eeaple  while  It  wee  there  In 
the  ee-Ne-awept  hlgh-H  aaaple. 
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U«rM4  lo  SSSSSSll' 

room  (••p«r«tur« 

(1)  Th«  tends  St  )d2S  and  3618  cm"^  hmemm*  mot*  clear  in  lowHi  saaple.  In  ssa^ie 

both  of  these  bends  were  also  clearly  oteervable. 

(It)  The  tends  at  33S3  and  330?  cn  ^  were  recovered  to  their  as'Ha^aweyt  atreagih. 

(Itl)  The  tend  at  34?6  and  3468  cn  *  showed  a  reversal  la  their  strength  relative  to  their 
as-lla*'awept  values. 

(Iv)  The  3437  cn  ^  tend  grew  to  double  l.e.  to  its  as-Na-swept  strength  In  both  the  anaplea. 
(v)  All  other  tends  showed  a  recovery  between  bO-'^OZ  of  their  as -Me -swept  strength. 


Treatment 

given 


Band 

positions 
(cm  S 


Resultant  change  lo  relation  to  the 
as-Na'Swept  band  strength  of 


Hlgh-H  ()uarts 


Low-H  Quarts 


Irradiation 
at  roon 
taaperatura 


3595 

Reduced  to  5SZ 

Reduced  to  55Z 

3585 

Renoved 

Renoved 

3555 

Reduced  to  20Z 

Lost  to  Background 

3520 

Lost  to  Background 

Lost  to  Background 

3507 

Reduced  to  43t 

Reduced  to  25Z 

3476 

inersased  to  150Z 

3468 

Increased  to  200Z 

34S1  (Na-n}*) 

Reduced  to  501 

Reduced  to  48Z 

3437 

Increesed  to  125Z 

Increased  to  125Z 

3395 

Reduced  to  66Z 

Reduced  to  50Z 

3385 

Lost  to  Background 

Lost  to  Background 

3375 

Reduced  to  S5Z 

Lost  to  Background 

3350 

Renoved 

Renoved 

3367  Al^ 

RFFECT  ON  Al-OH~  BANDS 

IS  DESCRIBED  SEPARATELY 

3306  Al. 

IN  TABLE- V. 

3595 

Reduced  to  401 

Lost  to  Background 

3585 

Lost  to  background 

Renoved 

3555 

Renoved 

Renoved 

3520 

Lost  to  Background 

Lost  to  Background 

3507 

Reduced  to  25Z 

Lost  to  Background 

3476 

Reduced  to  75Z 

Increased  to  175Z 

Final 

3468 

Increased  to  250Z 

Lost  to  Background 

Irradiation 

3451  (Na-ii2a) 

Reduced  to  35Z 

Reduced  to  25Z 

at  77K 

3437 

Reduced  to  66Z 

Reduced  to  36Z 

3395 

Reduced  to  4SZ 

Reduced  to  45Z 

3385 

Lost  to  Background 

Lost  to  Background 

3375 

Reduced  to  55Z 

Lost  to  Background 

3350 

Renoved 

Renoved 

3367  Alj 

3306  Al 

s 

EPPECT  ON  AI-0H~  BANDS 
IN  TABLC-V. 

IS  DESCRIBED  SEPARATELY 

Comments 


(I)  The  tend  at  3S95  cn  ^  showed  an 
increase  fron  its  77K-lrradlated  value. 

(II)  A  doublet  of  two  new  tends  at  354S  and 
3532  wavenunbars  appeared  at  this  stage  In 
both  the  saaples  but  ’■ore  proninently  In 
the  hlgh-H  quarts. 

(ill)  A  new  snail  tend  at  3472  cn  ^ 
appeared  In  both  sanplas. 

(Iv)  Although  the  tends  at  3476  and  3468 
wavenunbars  are  snail  In  strength  but 
but  they  seened  to  be  growing  In  slnost  In 
sane  proportion  In  both  sanples. 

(v)  A  snail  and  sharp  new  tend  at  3330  cn** 
appeared  in  both  sanples. 

(vl)  The  3240  cn  ^  tend  in  high-H  sanple 
renained  unaffected  while  it  got  Idst  in 
the  background  in  the  low-H  sanple. 


(1)  The  band  at  3545  cn  ^  produced  after 
roon  tenperature-lrradiatlon  was  reduced 
to  about  half  of  its  value  in  both  saaples 
and  the  3532  wavenuaber  band  was  removed. 

(il)  The  band  at  3476  cn  ^  In  hlgh-H 

sanple  was  reduced  while  It  was  Increased 
In  the  lowHI  quarts. 

(ill)  The  3468  cn  ^  band  In  hlgb-H  sanple 
was  Increased  to  double  while  In  the  low-H 
quarts  It  was  lost  to  background  beyond 
recognition. 

(Iv)  The  3472  cn  ^  tend  produced  at  roon 
tenperature  Irradiation  reduced  to  half 
In  the  hlgh-H  sanple  while  It  was  Increased 
to  nearly  double  lo  low-H  quarts. 

(v)  The  3330  cn  ^  tend  produced  at  roon 
tenperature  Irradiation  renained  alnost 
unaffected  In  both  the  sanples. 

(vl)  The  3350  cn  ^  tend  renoved  on  roon 
tenperature  Irradiation  did  not  recover 
at  final  77K-lrradlatloo. 

(vli)  The  3240  cn  ^  band  Increased  In 
hlgh-H  sanple  Increased  fron  its  value 
attained  after  roon  tenperature  Irradia¬ 
tion  and  appeared  distinctly  In  the 
low-H  quarts. 
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\MiyE  NUMBERS  [cnf^] 


Figure  5:  Infrared  absorption  spectra  showing  the 
effect  of  Irradiation  sequence  on  the  Na-swept 
hlgh-H  natural  quartz. 


I  I  I  1  J _ I _ I 

5700  3600  3500  3400  3300  3200  3100 

WAVE  NUMBER  (cm->) 

Figure  6;  Infrared  absorption  spectra  showing  the 
effect  of  Irradiation  sequence  on  the  Na-swrpt 
low-H  natural  quartz. 


as-Na-swept  low-H  sample  appeared  In  low  strength 
upon  77K  Irradiation.  It  may  be  noted  from  the 
Figures  5  and  6  and  Tables  (I)  and  (II^  that  during 
the  course  of  Irradiation  sequence  carried  out, 
sometimes  appearance  of  new  low  strength  Infrared 

OH  bands  may  be  observed  In  unswept  and  Na-swept 
quartz.  This  generally  occurred  at  the  expense  of 
already  existing  defect  bands. 

Comparative  Studies  of  Irradiation  Characteristics 

of  H-swept  Hlgh-H  and  Low-H  quartz: 

Figures  7  and  8  respectively  show  the  spectra 
upon  Irradiation  sequence  of  hydrogen  swept  hlgh-H 
and  low-H  quartz.  At  the  first  77K  Irradiation  all 

the  bands  except  the  one  at  3535  cm”^  and  the  other 

the  A1  at  3306  cm”^,  showed  a  significant  reduct- 
s 
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WAVENUMBERS  [cnf^] 


I 


3700  3600  3500  3400  3300  3200  3100 

WAVENUMBERS 


Fljure  7;  Infrared  absorption  spectra  showing  the 
effect  of  irradiation  sequence  on  the  H-swept 
hlgh-H  natural  quartz. 
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TABLE  -  nr 

SuMMry  of  resultant  ptrcentac#  chaa^a  In  tha  infrarad  band  atrangch 
of  H-awapt  natural  quart!  cryatala  of  and  Lov'^H  coocaocratton 
aa  a  function  of  Irradiation  at  low-,  rooa-  and  again  low-taaparatura 
Irradiation  (radiation  doaa  at  avary  stap  •  2  Nrad). 


Treataant 

givan 


First 

Irradiation 
at  77K 


Band 

positions 

(ca  * ) 

Rasultant  change 
as-H-aw*pt  band 

in  relation  to  the 
strength  of 

Hlgh-H  Quart* 

Lew-H  Quart* 

3595 

Raaoved 

Raaoved 

3583 

Unaffected 

Unaffected 

3570 

Lost  to  Background 

Lost  to  Background 

3535 

Increased  to  2352 

Increased  to  4002 

3483 

Reduced  to  202 

Reduced  to  302 

3468 

(H-n2a) 

Reduced  to  282 

Reduced  to  282 

3460 

Reduced  to  752 

Increesed  to  1302 

3430 

Reduced  to  302 

Reduced  to  502 

3420 

Lost  to  Background 

Lost  to  Background 

3415 

Lost  to  Background 

Lost  to  Background 

3395 

Reduced  to  502 

Reduced  to  502 

3240 

Unaffec ted 

Slightly  Increased 

3367 

Alj 

effect  on  ai-oh“  bands  is 

DESCRIBED  SEPARATELY 

3306 

A1 

s 

IN  TABLE-V. 

(I)  Four  naw  vary  aaall  banda  at  3548, 

3520,  3495,  and  3476  wavanuabara  wara 
obaervad  In  both  htgh-H  and  low-H  aaaplea. 

(II)  Originally,  the  3535  ca  ^  band  was 

a  broad  ona  (stronger  in  hlgh-H  saiq>la  by 
about  four  tlaaa  of  that  In  low-H  saaple) 

In  both  aaaplea.  After  77K-lrradiatlon  a 
sharp  peak  appeared  in  both  aaaplea  at 
3535  wavenuaber  superposed  on  the  broad 
background  In  boche  aaaplea. 

(III)  In  both  aaaplea  a  new  band  at  3452 
wavenuaber  appeared  In  significant  strength. 
The  band  shape  was  different  froa  the  Na- 
3451  wavenuaber  band. 


3410 

-1 


-J 


(Iv)  A  new  aaall  band  at 
observed  In  both  aaaplea. 

<v)  A  aaall  band  at  3350  ca  '  was  present 
in  the  as-H-awept  lowHi  saaple  which  was 
lost  to  background  beyond  recognition  after 
77K-lrradiatlon. 


Warmed  to 
room  temperature 


Coaaents; 

(t)  The  v.ry  ,«U  hand,  at  3548  and  3520  c.'*  prodMc.d  at  77K  Irradiation  vanUhad. 

lii'  produced  alter  77K-lrradIatlon  was  reduced  to  abou'  802  In  hi.h  u 

and  was  lost  to  background  In  the  low-H  natural  quart*.  ^  ^  hlgh-H  sample 

''■*  »lUhlly  (107X)  increased  froa  its  as-H-swept  valu*.  i. 
the  hlgh-H  saaple  U  recovered  to  about  95X  of  as-H-swept  value.  ^  value.  In 

s^puf*  «.  reduced  to  .bout  152  of  it,  v.lu. 

(v)  The  32*0  c>  ‘  bend  In  the  low-H  saaple  got  Increased  slightly  fro.  Its  7 7K-1  rradlated  value 

tH^es-iis^^prco^d^u”"  «»tored  to  ' 


Treatment 

given 


Band 

positions 

I  -L 
(cm  ) 


Raiulteac  change  In  relation  to  thn 
na-N'n«npt  band  atrnogch  of 


CoMoat* 


Hlgh-R  Quarti 


low-H  Quarts 


Irredlotlon 
at  room 
teaperature 


3395 

Recovered  to  aa-H-awept  value  Recovered  to  aa-H-i 

3383 

tynsf  * 

"-effected 

3370 

Unaffected 

Unaffected 

3535 

Reduced  to  902 

Unaffected 

3483 

Reduced  to  802 

Reduced  to  802 

3468  (H-n2a) 

Slightly  In- reesed  to 

1072  Slightly  increased 

3460 

(educed  to  802 

Reduced  to  632 

3430 

Reduced  to  902 

Unaffected 

3420 

Not  Observable 

Not  Obaerveble 

3413 

Reduced  to  802 

Not  Observable 

3395 

Increased  to  1502 

Unaffected 

3240 

Unaffec ted 

Reduced  to  302 

3367  Alj 

3306  A1 

8 

EFFECT  ON  A1-0H“  BANDS 
IK  TABLE-V. 

IS  DESCRIBED  SEPARATELY 

(I)  A  eaall  baad  at  3430  ca  ^  was 
produced  In  both  aaaplea;  wore 
prowlaeat  to  hlgh-ll  aeapLc. 

(II)  The  3476  ca  ^  bead  produced 
after  7711-lrredletioa  uaa  reduced 
to  about  7SZ  of  ita  value. 

(ill)  The  bend  at  3432  ca  ^  produced 
after  77K-lrradletloa  ues  reduced  to 
15X  of  tta  value  l.e.  aa  was  upon 
waralng  to  rooa  teaperature  following 
the  irradiation  et  77K. 
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Treatment 

given 


Band 

positions 
(cm  ) 


lAtultaat  elMBfa  1«  r«Iftiioft  to  tho 
bond  fttronatli  of 


Comments 


HlgbHI  Quorti 


LowHi  Quarts 


3595 

Raaovad 

ReaovaB 

3583 

Alaost  Unaff acted 

Alaoet  Unaffected 

3570 

Racoverad  to  as‘*H>^awapt 

value  Recoverad  to  as-'H'*i 

3535 

Increased  to  2902 

Increaaed  to  2652 

3483 

Reduced  to  202 

Reduced  to  302 

3468  (H-o2a) 

Reduced  to  402 

Reduced  to  202 

Final 

3460 

Reduced  to  352 

Reduced  to  662 

Irrsdisclon 
at  77K 

3430 

Reduced  to  302 

Reduced  to  502 

3420 

Lost  to  Background 

Lost  to  Background 

3415 

Reduced  to  122 

Started  Appearing 

3395 

Reduced  to  502 

Reduced  to  502 

3240 

Unaf fee  ted 

Reaoved 

3367  Alj 

3306  Al^ 

EFFECT  ON  Al-OH~  BANOS 
IN  TABLE-V. 

IS  DESCRIBED  SEPARATELY 

(I)  Th«  sHill  band  at  3630  cm 
prodttcad  oo  room^taapatatura* 
IrradlatloQ  ttayad  aad  aaa  raducad 
to  75S  of  Iti  valua. 

(II)  Tha  vary  aaall  band  at  3348  ca  ^ 
iriilcb  was  obaarvad  at  tha  first  77IC- 
Irradiation  was  obsarvad  at  this 
staga  also  In  about  sana  strangth. 

(ill)  Th«  3S3}  cb'^  bBiul  In  hlth-H 
•aspic  Incrcaccd  while  la  low-H  It 
dacrcaaad  a*  eoaparad  with  tha  11  ret 
77K-lrradlatlOD 

(tv)  A  aaall  ahouldar  band  at  3S30 
wavanuabar  on  low  frequency  aide  of 
353S  wavanuabar  band  appaarad  In 
both  aaaplae. 

(v)  Tha  3520  ca  ^  band  appaarad  In 
both  aaaplaa  aa  on  flrat  77K-lrradla- 
tlon.  Additionally,  la  hlgh-H  aaapla 
vary  aaall  banda  at  3510  and  3505 
wavanuabara  appaarad. 

(vl)  A  new  vary  caall  band  at  3495 
wavanuabar  appaarad  In  both  aaaplaa. 

(vll)  Tha  3476  ca  ^  produced  at  flrat 
77K-lrradtatlon  raaalnad  to  Ita  roos 
taaparatura-lrradlatad  value. 

(vltt)  In  hlfh-H  aaapla,  tha  3452  ca”* 
band  Incraaaad  froa  tha  value  It 
attained  after  rooa  taaparatura* 
Irradiation  but  the  final  value  waa 
oac-thlrd  of  Ita  value  obtained  at 
flrat  77K-lrtadtatlon.  On  the  other 
hand.  In  low-H  aaapla  thla  band  waa 
only  reduced  to  about  MX  of  Ita 
flrat  77K-lrradlated  value. 

(l»)  In  low-H  aaapla  the  3415  ca“* 
band  atarted  appearing  at  thla  ataga 
while  It  waa  not  obacrvabla  at 
prevloua  atagea. 


3700  3600  3500  3dOO  ^V)0  32(X)  3)(X) 

WAVE  NUMBER  (enr*) 

Figure  8:  Infrared  absorption  spectra  showing  the 
effect  of  Irradiation  sequence  on  the  H-swept 
low-H  natural  quartz. 
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ion.  The  increase  of  the  3535  cm  band  was  much 
high  (  400%)  in  low-H  sample  in  relation  to  that 
in  the  high-H  quartz  (  235%).  Originally,  the  3535 

cm  ^  band  was  a  broad  one  In  both  the  samples.  It 
was  nearly  four  times  stronger  In  high-H  sample 
than  in  the  low-H  one.  After  first  77K  irradiation 

a  sharp  peak  appeared  at  3535  cm  superposed  on 
the  broad  background  In  both  the  samples.  At  room 
temperature  irradiation  this  band  was  slightly 
reduced  in  high-H  sample  while  it  remained  almost 
unaffected  In  low-H  quartz.  Subsequent  final  77K- 
Irradiation  resulted  in  Increase  of  this  band  in 
hlgh-H  sample  by  about  125%  of  its  value  obtained 
upon  first  77K  irradiation.  At  this  stage  this  band 
in  low-H  sample  was  reduced  to  about  66%  of  the 
value  obtained  upon  first  77K  irradiation. 

The  band  at  3240  cm  ^  remained  almost  unaff¬ 
ected  in  the  hlgh-H  sample  while  in  the  case  of 
low-H  quartz  it  showed  a  slight  increase.  Another 
difference  in  the  two  samples  was  that  while  the 

3460  cm  ^  band  in  the  high-H  quartz  was  reduced 
(to  about  75%)  at  the  first  77K  irradiation,  that 
in  the  low-H  quartz  got  Increased  to  about  130%. 
All  other  bands  In  the  two  kinds  of  hydrogen-swept 
samples  of  natural  quartz  behaved  qualitatively 
almost  similarly.  Table  (III)  summarizes  the  result¬ 
ant  percentage  change  In  the  band  strength  in  both 
high-H  and  low-H  hydrogen  swept  quartz.  It  was 
noted  that  In  both  the  samples  a  new  band  at  3452 

cm  appeared  in  significant  strength  at  the  first 
low  temperture  Irradiation.  The  band  shape  was 

different  from  Che  3451  cm  ^  in  unswept  or  Na-n2a 
in  Na-swet  samples.  Upon  warming  to  room  tempera¬ 
ture  this  band  was  reduced  to  about  15%  of  its  77K- 
Irradiated  value  in  both  samples.  Room  temperature 
irradiation  did  not  affect  this  band.  Subsequent 
final  irradiation  at  77K  gave  interesting  results. 
In  the  hlgh-H  sample  it  showed  an  increase  from  its 
value  after  room  temperature  irradiation  but  the 
final  magnitude  attained  was  one-third  of  its  value 
obtained  at  the  first  77K  irradiation. On  the  other 
hand  in  the  low-H  sample  this  band  was  only  reduced 
to  about  80%  of  its  77K-irradiatlon  value.  However, 
extended  irradiation  (  dose  =  6  Mrad)  at  this  stage 
resulted  in  increase  of  this  band  to  about  double 
of  its  strength. 

Some  new  and  very  small  bands  were  observed 
at  the  first  77K  Irradiation.  These  were  positioned 
at  3548,  3520,  3495,  3476  waveenumbers .  Warming  to 
room  temperature  resulted  either  in  disappearance 
or  reduction  in  strength  of  these  bands.  Room 
temperature  irradiation  also  resulted  in  some 
bands  reduction  of  their  strength  (Table  III). 

The  behavior  of  H-n2a  band  under  the  influence 
of  radiation  is  very  different  from  the  major  bands 
in  alkali  swept  versions  of  natural  quartz.  Table 
(IV)  shows  a  comparison  of  irradiation  characte¬ 
ristics  of  Li-n3a  ,  Na-n2a  and  H-n2a  bands  in 
unswept,  Na-swept  and  H-swept  natural  quartz 
crystals  of  high-  and  low-H  concentrations.  In  the 
present  case  only  the  low  temperature  irradiation 
decreased  the  intensity  of  this  band.  Irradiation 
at  room  temperature  did  not  decrease  the  band 
intensity  in  the  low-H  sample  while  in  the  hlgh-H 
quartz  it  was  Increased  a  little  from  the  value 


attained  upon  warming  to  room  temperature  following 
the  first  irradiation  at  77K.  On  the  other  hand  in 
ihe  alkali  swept  crystals  both  Li-n3a  and  Na-n2a 
bands  showed  a  decrease  in  their  intensities  at  all 
stages  of  irradiation.  Since  in  the  H-swept  cryst¬ 
als  there  are  no  alkalis  the  room  temperature 
irradiation  will  dissociate  only  protons  from  dif¬ 
ferent  OH  related  or  point  defects.  The  fact  that 
upon  room  temperature  irradiation  the  H-n2a  band 
shows  a  slight  increase  indicates  that  this  defect 
center  preferes  the  accumulation  of  protons.  This 
fact  is  also  clearly  shown  in  Figure  9.  In  the  case 
of  low-K  quartz  the  H-n2a  band  is  stronger  than 
either  Ll-n3a  or  Na-n2a.  In  the  hlgh-H  sample  the 
sweeping  picture  is  not  so  clear  as  the  crystal  has 
a  large  number  of  proton  trapping  centers  in  its 
as-received  state.  However,  in  this  case  the 
increased  strength  of  this  band  at  room  temperature  irrad¬ 
iation  suggests  a  similar  situation  occurlng  in 
high-H  sample  also.  It  is  known  that  for  completely 
H-swept  crystals  all  the  aluminum  ions  are  charge 
compensated  by  protons.  The  irradiation  process 
then  carried  out  does  not  form  stable  Al-hole 
centers  (5,7).  The  formation  of  stable  Al-hole 
centers  in  such  cases  is  prevented  because  the 

protons  released  from  Al-OH  centers  do  not  find 
trapping  sites  and  therefore  quickly  return  to  the 
aluminum  sites.  It  seems  that  an  almost  similar 
situation  seems  to  be  taking  place  with  regard  to 
release  of  protons  from  the  center  representing  the 
H-n2a  band  at  room  temperature  irradiation. 


6 

o 


u. 

Uj 

o 

tj 


03 


HAVE  NUMBER 


Figure  9:  Infrared  absorption  spectra  depicting 
all  the  major  bands  in  low-H  natural  quartz  in  Ll- 
swept,  Na-swept  and  H-swept  conditions.  The  H-n2a 
bandis  stronger  than  either  Na-n2a  or  Ll-n3a. 
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TABLE  -  12: 

Comparison  of  Irradiation  characteristics  of  Ll-n3a,  Na-n2a  and 
H-n2a  bands  In  unsuept,  Na-swept,  and  H-swept  natural  quartz 
crystals  of  hlgh-H  and  low-H  concentration. 


Band 

position 
(cm  *  ) 

Treatment 

given 

Percentage  change  in  the 

band  strength 

Unsuept 

Na-suept 

H-suept 

Hlgh-H 

Lou-H 

Hlgh-H 

Lou-H 

Hlgh-H  Lou-H 

3476 

First  LT- 
Irradlatlon 

Room  Temperature 
Irradiation 

Second  LT- 
Irradlatlon 

-14 

-27 

-40 

-30 

-48 

-35 

+140 

+150 

-75 

+230 

+150 

+175 

Ll-n3a  band  is 
not  observed  In 

H-suept  quartz 

First  LT- 

Lost  to 

Lost  to 

-34 

-40 

Irradiation 

Background  Background 

3451 

Room  Temperature 

Lost  to 

Lost  to 

-50 

-48 

Na-n2a  band  Is 

Irradiation 

Background  Background 

not  observed  In 

Second  LT- 

+400 

Starts 

-35 

-25 

H-suept  quartz 

Irradiation 

appearing 

First  LT- 
Irradlatlon 

Lost  to 
Background 

Lost  to 
Background 

+  150 

Unaff¬ 

ected 

-72 

-72 

3468 

Room  Temperature 
Irradiation 

-27 

-48 

+200 

+200 

+107 

+107 

Second  LT- 
Irradiatlon 

Lost  to 
Background 

Lost  to 
Background 

+300 

Lost  to 
Background 

-60 

-80 
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Radiation  Effects  on  AI-OH  Centers  In  L'asuept, 
Na-swept  and  H-swept  Hlgh-H  and  Lou-H  Natural 
Quartz : 

Table  (V)  presents  the  results  on  radiation 

effects  on  Al-OH  centers  In  unswept,  Na-swept  and 
fl-swept  natural  quartz  of  hlgh-H  and  low-H  concen¬ 
tration.  The  general  feature  was  that  on  low  temp¬ 
erature  Irradiation  the  Al,  band  decreased  and  A1 

1  s 

Increased  In  strength  such  that  their  Intensities 
became  almost  equal.  This  is  In  accordance  with 
the  results  on  cultured  crystals  [5,25|.  Since  at 
low  temperature  Irradiation  only  protons  move  and 
not  alkalis,  It  would  mean  that  protons  from  Alj^ 

released  get  Into  Al^  which  eventually  get  more 

populated.  This  process  continues  till  the  equali¬ 
zation  of  proton  population  In  the  two  Al-OH  bonds 
Is  reached.  Upon  warming  the  low  temperature 
Irradiated  quartz  to  room  temperature  both  the 

Al-OH  bands  recover  to  nearly  85-95Z  of  their 

original  strength.  Room  temperature  irradiation  increased  the 
combined  strength  of  the  Al-OH  bands.  The  behavior 
of  these  bands  at  the  final  low  temperature  irrad¬ 
iation  Is  again  of  similar  character  except  a 
little  quantitative  difference  which  would  be  there 
due  to  the  effect  of  room  temperature  Irradiation 
In  between  the  two  low  temperature  Irradiations. 

This  shows  that  Al  acts  like  a  shallow  traps  for 
s 

the  protons  but  Is  actually  a  deep  trap  and 
shallower  than  Alj^  with  a  barrier  above  77K. 

Important  features  with  regard  to  radiation- 

induced  changes  In  case  of  Al-OH  bands  may  be 
noted  here.  First,  It  may  be  observed  that  for  the 
unswept  samples  the  percentage  change  In  Alj^  and 

Alj  at  the  first  and  the  final  77K-lrradlatlon 

steps  Is  the  same  between  the  as-received - ►  first 

77K  Irradiation  and  room-temperature  Irradiated - ► 

final  77K-lrradlation.  Additionally,  these  bands 
at  77K  Irradiation  decreased  relatively  less  In 
comparison  with  low-H  quartz.  On  the  other  hand, 
at  room  temperature  Irradiation  the  Alj^  In  high-H 
sample  increased  more  that  what  In  low-H  sample. 

Some  prominent  observations  on  radiation  effects 

on  Al-OH  centers  of  differently  swept  low-  and 
high-H  natural  quartz  are  the  following.  It  may  be 
seen  from  the  Table  (V)  and  Figures  k  and  6  that 
In  the  low-H  sample  the  percentage  change  of  Inten¬ 
sity  of  both  the  Al-OH  bands  was  the  same  on  Na- 
sweeping  as  It  was  In  the  unswept  condition.  After 
room  temperature  Irradiation  the  Al^  band  intensity 

Increased  by  about  13.5%.  There  was  practically  no 
difference  In  the  percentage  change  of  Al^^  band 

Intensity  at  this  stage  between  the  unswept  and 
Na-swept  quartz.  Final  low  temperature  Irradiation 
led  to  much  more  reduction  In  the  Alj^  band  strength 

In  Na-swept  condition  compared  to  unswept  quartz. 
On  the  other  hand,  at  this  stage  Al^  band  In  Na- 

swept  quartz  Increased  proportionally  to  about 
double  in  comparison  with  the  unswept  condition. 


In  the  case  of  hlgh-H  quartz  the  percentage 
change  In  the  strength  of  these  bands  at  final  low 
temperature  Irradiation  was  higher  in  Na-swept 
condition  In  comparison  with  unswept  quartz.  Room 
temperature  Irradiation  did  not  increase  the  Al^ 

band  strength  much  (only  by  about  7%)  in  Na-swept 
condition  while  the  Alg  band  Intensity  increased 
significantly  much  in  comparison  with  the  unswept 
condition.  Also,  the  final  low  temperature  Irrad¬ 
iation  In  Na-swept  condition  resulted  In  proporti¬ 
onally  higher  changes  of  these  bands  In  comparison 
with  the  unswept  quartz. 

In  the  H-swept  condition  the  Al^  band  decre¬ 
ased  much  faster  at  low  temperature  irradiation  In 
comparison  with  unswept  or  Na-swept  states  while 
there  was  a  relatively  less  Increase  in  the 
strength  of  Al^  band.  There  was,  as  expected,  no 

change  in  the  band  strength  of  Al-OH~  centers  at 
room  temperation  Irradiation.  It  may  be  mentioned 
here  that  Brown  and  Kahan  [23]  have  found  that  an 
Intense  room  temperature  Irradiation  (dose  of  6700 

Mrad)  reduced  the  strength  of  A1-0H~  In  H-swept 
natural  quartz.  In  the  present  study  It  was  noticed 
that  for  the  H-swept  natural  quartz  the  final  low 
temperature  irradiation  reduced  the  extent  of  decrease 
of  Alj^  and  increase  of  Al^  in  both  the  samples  as 

compared  to  that  at  the  first  low  temperature 
irradiation.  This  would  be  due  to  changes  In  the 
point  defect  configuration  brought  about  due  to 
Intermediate  room  temperature  irradiation. 

Comparison  with  Cultured  Quartz; 

At  the  outset  It  may  be  mentioned  that  the 
Al-OH  centers  in  natural  quartz  show  similar 
irradiation  characteristics  as  those  observed  In 
cultured  quartz  (5,251.  While  these  bands  are 
present  In  as-received  unswept  natural  quartz  (29), 
they  are  produced  in  cultured  crystals  only  after 
Irradiation  at  temperatures  beyond  200K  or  upon 
sweeping  in  hydrogen  atmosphere  [5,25,26,29,46). 
The  process  of  sweeping  or  Irradiation  in  natural 

crystals  increases  the  Al-OH  band  strength  in  the 
limit  to  saturate  all  the  aluminum  with  hydrogen 
(29).  This  Is  surmized  In  view  of  the  findings  of 
Halliburton  et.  al  (5)  that  in  cultured  H-swept 
crystals  there  were  no  Al-hole  centers  observed  In 

the  as-swept  condition;  only  Al-OH"  bands  were 
observed  which  did  not  show  any  Increase  upon  room 
temperature  irradiation  indicating  that  all  the 
aluminum  was  charge  compensated  with  protons.  Low 
temperature  Irradiation  of  H-swept  natural  quartz 
In  the  present  study  has  shown  that  like  what 
happens  in  cultured  quartz  equalizes  the  strength 

of  the  Al-OH  bands  Indicating  that  both  short  and 
long  bonds  In  the  AlO^  tetrahedra  become  equally 
populated.  Our  Isochronal  anneal  date  (29)  follow¬ 
ing  a  strong  low  temperature  irradiation  on  these 
crystals  also  showed  that  like  in  the  case  of 

cultured  crystals  [25]  the  Al-OH  bands  grow  In 
their  relative  strength  until  230K.  Above  230K, 
they  quickly  recover  to  their  original  strength. 
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TABLE  -  2: 


Comparison  of  Irradiation  characteristics  of  Al-OH  centers  In  unsuept,  Na-suept 
and  H-suept  natural  quartz  crystals  of  hlgh-H  and  lou-H  concentration. 


Treatment 

ai-oh” 

bands  (cm  ) 

Resultant  change  In  relation  to  as-received  or 
strength  of  natural  quartz  crystals 

as-suept  band 

given 

Unsuept 

Na-suept 

H-suept 

Hlgh-H 

Lou-H 

Hlgh-H 

Lou-H 

Hlgh-H 

Lou-H 

First 

Irradiation 

3367  Alj 

-AQX 

-30% 

-51% 

-30% 

-63% 

-60% 

at  77K 

3306  A1 

s 

+210% 

+166% 

+260% 

+166% 

+144% 

+135% 

Room 

3367  Alj^ 

+130% 

+108% 

+107% 

+107% 

unaffected 

unaffected 

Temperature 

Irradiation 

3306  A1 

s 

+125% 

+103% 

+178% 

+120% 

unaffected 

unaffected 

Final 

3367  Alj^ 

-53% 

-32% 

-74% 

-70% 

-62% 

-53% 

Irradiation 
at  77K 

3306  Al 

s 

+316% 

+208% 

+386% 

+400% 

+122% 

+  122% 
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Sibley  et.al.[25]  Interpreted  that  these  bands 

arise  from  OH  bonds  In  two  different  but  closely 
related  sites  relative  to  aluminum  Ion  and  that  a 

transfer  from  one  site  to  the  other  takes  place 
beyond  230K  such  that  long  bonds  In  AlO^  tetrahedra 

become  more  populated  than  the  shore  bonds. 

It  has  been  shown  [5,26|  that  in  cultured  quartz 
at  temperature  about  and  above  200K  Irradiation 
leads  to  removal  of  alkali  Ions  compensating  the 
negative  charge  at  aluminum  sites.  On  the  other 
hand  hydrogen  Is  mobile  even  at  low  temperatures 
(251.  The  present  studies  on  Irradiation  charact¬ 
eristics  of  Ll-n3a,  Na-n2a  and  K-n2a  bands  have 
shown  that  Irradiation  effects  on  these  bands 
depend  upon  the  presence  of  alkalis  or  hydrogen 
present  at  these  defect  centers.  Both  Ll-n3a  and 
Na-n2a  bands  which  Incorporate  alkali  Ions  show  a 
relatively  large  decay  at  room  temperature  Irradi¬ 
ation  than  at  low  temperature  Irradiation.  In  sharp 
contrast  to  the  l.l-n3a  and  Na-n2a,  the  H-n2a  center 
did  not  show  any  effect  at  room  temperature  Irrad¬ 
iation.  On  the  other  hand,  this  center  showed  a 
much  larger  reduction  at  low  temperature  irradia¬ 
tion  than  either  Ll-n3a  or  Na-n2a  In  the  alkali 
swept  versions.  The  present  studies  suggest  that 
In  the  case  of  Ll-n3a  and  Na-n2a  centers  the 
processs  of  radlatlon-lnduced  dissociation  of  alkali 
ions  from  these  centers  is  similar  to  the  tempera¬ 
ture  dependence  of  radlatlon-lnduced  mobility  of 
alkalis  from  aluminum.  From  the  H-n2a  band  also, 
like  the  case  of  H-swept  or  Irradiated  cultured 

quartz  the  dissociation  of  protons  from  Al-OH,  the 
protons  are  removed  on  Irradiation  at  low  tempe¬ 
ratures  . 

Interestingly,  all  the  major  bands  In  H-swept 
natural  quartz  following  a  low  temperature  Irradi¬ 
ation  show  almost  complete  recovery  upon  warming 
toroom  temperature  .  This  suggests  that  like 
cultured  quartz  (25)  the  mobility  of  hydrogen  Is 
not  of  long  range  ordr r  at  low  temperature  Irradi¬ 
ation.  It  Is  known  [5,71  that  In  case  of  H-swept 
cultured  crystals  the  room  temperature  Irradiation 
does  not  form  stable  Al-hole  centers.  Instead,  the 
hydrogen  which  Is  knocked  from  the  aluminum  under 
the  Influence  of  radiation  diffuses  back  to  the 
aluminum.  In  the  process  of  back  diffusion  the 
transient  frequency  offsets  and  acoustic  loss  are 
observed  (33-41).  It  seems  that  In  the  H-swept 
natural  crystals  an  almost  similar  situation  exists 
with  regard  to  radlatlon-lnduced  removal  of  protons 
from  H-n2a  centers  at  room  temperature  Irradiation 
which  does  not  allow  the  formation  of  [H-n2ag+l  - 

centers  from  their  precursors.  Thus,  like  Al-OH 
centers  the  H-n2a  centers  also  hold  hydrogen  firmly 
so  that  no  post-room  temperature-irradiation  steady 
effects  are  observable. 

SUMMARY  AND  CONCU'jlONS 

The  pre-ent  investigations  have  made  use  of 
Infrared  absorption  measurement  technique  to  moni¬ 
tor  the  OH  related  point  defects  In  different 
versions  of  hlgh-H  and  low-H  natural  quartz  viz. 
unswept  or  Ll-swept,  Na-swept  and  H-swept.  The 


description  Includes  Irradiation  effects  at  i^w  and 
room  temperature  on  the  major  as  well  as  smal^^r 
but  prominent  bands.  A  number  of  Interesting  feat¬ 
ures  have  emerged  from  the  present  work.  They  are: 

[I]  Irradiation  at  low  temperatures  (''7/K)  reduces 
the  strength  of  almost  all  the  Infrared  bands.  Most 
of  the  low  strength  bands  disappear  In  the  backg¬ 
round.  Subsequent  warming  to  room  temperature 
results  In  significant  recovery  (about  85-95?.)  of 
the  reduced  band  strength.  This  suggests  that 
protons  released  from  these  low  strength  bands 
under  the  Influence  of  irradiation  at  low  tempera¬ 
ture  go  to  shallow  traps.  Ci  the  other  hand  major 
bands  show  a  complete  recovery  by  760K  [29]  showing 
that  protons  from  these  defects  go  to  deep  traps. 

[2|  The  effect  of  irradiation  at  77K  as  well  as 

300K  on  the  Al-OH  centers  In  natural  quartz  have 
similar  characteristics  as  are  shown  up  by  all 
grades  of  cultured  quartz. 

(3]  For  the  same  radiation  dose  (2  Mrad  used  at 
every  stage)  the  Ll-n3a  and  Na-n2a  centers  showed 
a  relatively  large  decay  upon  Irradiation  at  300K 
than  at  77K.  On  the  other  hand  the  H-n2a  centers 
do  not  show  any  depletion  at  300K  while  at  77K 
Irradiation  their  strength  is  significantly  reduced 
to  about  10%  of  their  original  value. 

(4]  A  small  band  at  3595  cm  ^  Is  obse  -d  In  all 
unswept  and  swept  conditions  of  natural  quartz. 
This  band  In  most  cases,  except  Na-swept  high-H 
sample.  Is  removed  by  Irradiation  at  77K  and  reco¬ 
vered  upon  warming  to  300K.  Also,  300K  Irradiation 
did  not  reduce  the  intensity  of  this  band  attained 
upon  warming  to  room  temperature  after  the  first 
77K  irradiation.  In  fact  It  Increased  by  a  small 
amount  In  almost  all  cases. 

(5]  During  the  course  of  Irradiation  sequence 
carried  out,  sometimes  appearance  of  new  low  stre¬ 
ngth  infrared  OH  bands  may  be  observed  in  all 
natural  quartz;  unswept  or  swept.  This  generally 
occurs  at  the  expense  of  already  existing  defect 
bands . 
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ABSTRACT:  Using  the  white  radiation  delivered  by  the 
D.C.l.  Synchrotron  at  the  L.U.R.E.  (Orsay  France),  the 
extended  defects  of  lithium  tantalate  were  studied  by 
reflection  and  transmission  topography.  Some  low  angle 
subgrains  were  observed  in  slices  cut  perpendicularly  to 
the  Y  ,  Y-4S°  and  Z  direction.  The  typical  size  of  the 
subgrains  is  a  few  cm3.  Dislocations  were  imaged  in  thin 
plates  ;  the  density  was  found  in  the  range  of  several 
hundred  per  cm2. 

The  large  intensity  of  the  synchrotron  source  has 
permitted  an  experimental  study  of  the  thickness 
vibration  modes  in  this  material  which  is  highly  absorbent 
for  the  X-rays.  The  two  thickness  shear  modes  existing  in 
X-cut  plates  were  observed  using  either  conventional  or 
stroboscopic  topography.  The  fundamental  fast  shear 
mode  and  its  anharmonics  display  strong  trapping 
properties.  In  the  contrary,  the  slow  shear  mode  is  not 
strongly  trapped  and  extends  far  from  the  electroded 
region. 

In  most  cases,  the  fast  shear  mode  and  its  anharmonics 
are  coupled  to  plate  modes.  Using  the  time  structure  of  the 
radiation  of  the  D.C.l.  Synchrotron,  we  have  shown  that, 
in  most  instances,  these  coupled  modes  include 
progressive  components  with  a  large  standing  wave  ratio. 
The  existence  of  these  progressive  waves,  characterized 
by  a  large  amplitude  was  observed  in  all  the  examined 
samples.  They  carry  a  fraction  of  the  acoustic  energy 
toward  the  mounting  structure  of  the  resonators,  and  are 
the  origin  of  the  limited  Q  factors  (some  thousands) 
observed  in  conventional  X-cut  resonators. 


I  INTRODUCTION 

Lithium  tantalate  was  discovered  to  be  piezoelectric 
and  ferroelectric  m  1949  in  the  course  of  a  systematic 
research  made  to  find  new  piezoelectric  materials.  The 
first  single  crystals  of  significant  size  were  synthesized  at 
the  Bell  Laboratories  [1].  Then  this  material  was 
developed  in  several  other  laboratories  and  countries.  It  is 
available  in  France  since  the  researches  made  at  the 
C.N.E.T.  at  the  beginning  of  the  years  seventies  (2).  Like 
many  other  oxygen-octahedral  ferroelectrics,  it  has  very 
large  electromechanical  coupling  coefficients,  but  it  is  the 
only  one  known  to  have  thermally  compensated  cuts  for 
the  extension  and  flexural  modes  of  bars  [3]  and  for  the 
thickness  shear  modes  of  plates  [4].  This  material  is  thus 
very  interesting  to  obtain  filters  with  large  bandwidth  or 
o.scillalors  with  large  shifts. 


Since  the  end  of  the  seventies,  this  material  has 
received  ,  mostly  in  Europe,  applications  to  filtering  and 
to  frequency  generation  in  professional  electronics.  More 
recently,  an  important  development  of  the  applications  of 
lithium  tantalate  appeared  with  its  use  in  consumer 
electronics  (S.A.W.  Video  filters  in  television).  A  further 
important  step  of  development  it  expected  to  occur,  in  the 
forthcoming  years,  with  intensive  applications  to  filtering 
in  the  new  pan-european  numerical  radiotelephone. 

Lithium  tantalate  is  obtained  by  the  Czochralsky 
growth  method  at  very  high  temperature  (1680“C).  It  can 
pre.sent  a  quite  large  non  stoechiometry  with  an  usual 
Li/|Li+Ta]  ratio  equal  to  0.485  which  corre.sponds  nearly 
to  the  congruent  melting  point.  Very  few  studies  of  the 
crystal  perfection  were  made  (5)  [6],  in  particular  using 
X-ray  diffraction  techniques.  They  have  found  that  the 
most  common  defects  are  ferroelectric  domains,  subgrain 
boundaries,  and  dislocations. 

The  use  of  synchrotron  radiation  permits  now  to 
investigate  in  good  conditions  the  crystalline  quality  of 
this  material  by  transmission  X-ray  topography.  These 
investigations  were  extremely  difficult,  or  even  not 
possible  with  conventional  X-ray  sources  because  of  the 
very  high  X-ray  absorption  that  results  of  the  large  Z  of 
tantalum.  In  this  study,  using  the  synchrotron  radiation  of 
the  D.C.l.  storage  ring  at  the  L.U.R.E.  ( Orsay  France),  we 
have  characterized  the  crystalline  defects  of  experimental 
and  commercial  LiTa03  crystals  using  either  transmission 
or  reflection  topography.  The  new  possibilities  given  by 
the  intensity  and  the  time  structure  of  the  X-ray  radiation 
of  the  D.C.l.  Synchrotron,  have  permitted  the  first 
important  experimental  study  of  the  thickness  vibration 
modes  in  lithium  tantalate  using  either  the  time  resolved 
(stroboscopic)  or  the  conventional  (time  integrated)  X-ray 
topography  techniques  [7).  In  a  recent  contribution  [8),  we 
have  shown  that  the  thickness  shear  modes  of  LiTa03 
X-cut  resonators  are  strongly  coupled  to  plate  modes.  In 
this  communication,  we  presents  the  results  of  a  detailed 
experimental  study  of  the  influence  of  the  resonator 
design  on  the  vibration  modes  of  X-cut  plates.  The  most 
important  features  observed  concern  the  weak  trapping 
characteristics  of  the  slow  shear  mode,  and  the  fact  that 
the  fast  shear  mode  and  its  anharmonics  are  nearly  in  all 
ca,ses  strongly  coupled  to  plate  modes.  In  most  instances, 
these  plates  modes  have  progressive  components  that 
carry  a  fraction  of  the  acoustic  energy  out  of  the  resonator. 
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II  CHARACTERIZATION  OF  LiTa()3  CRYSTALS. 

I'o  characterize  crystals  having  a  2  inches  diameter 
pulled  in  the  Y  direction  we  have  cut  Y  ,  Y-45°and  Z 
slices  w  ith  a  thickness  of  about  2mm.  Some  of  these  slices 
were  cut  in  the  middle  in  the  z  (or  z’)  direction.  Some 
samples  were  thinned  to  .1  mm  to  make  transmission 
observations.  Other  plates  were  cut  in  commercial  or 
experimental  crystals,  normal  to  the  x  direction  to  make 
resonators  having  thickness  ranging  from  .2mm  to 
().{)7mm. 


11.1  Experimental  settings. 

For  crystals  too  thick  to  be  examined  in  a  transmission 
l.aue  setting  (figure  1  a),  a  reflection  Laue  setting  using  an 
oblique  incidence  was  used  (figure  lb).  In  this  case  the 
film  is  adjusted  parallel  to  the  sample  at  the  distance  (  10 
to  20  cm  )  choosen  to  obtain  in  each  case  a  good 
compromise  between  the  resolution  and  the  separation  of 
the  diffraction  spots  .  For  the  thinner  plates  the 
conventional  transmission  Laue  setting  was  used  (  figure 
la). 


lb;Laue  reflection  setting 


11.2  Experimental  results. 

In  the  following  figures  we  present  typical  examples 
of  the  observations  made.  In  figure  2  is  represented  a 
reflection  topograph  of  nearly  one  half  of  a  Y-cut  slice  of 
a  2"  crystal.  In  this  figure  corresponding  to  a  diffraction 
vector  having  a  direction  close  to  the  normal  to  the 
surface,  we  can  observe  a  lattice  of  dislocations  and  the 
cither  black  or  white  contrasts  of  the  subgrain  boundaries. 
The  dislocation  density  in  this  sample  is  quite  large 
(several  hundred  by  cm2  on  the  topograph)  since  the 
explored  thickness  is  very  small.  The  contrasts 
corresponding  to  the  subgrain  boundaries  are  white  lines  if 
the  relative  orientations  of  the  two  adjacent  subgrains  are 
such  that  the  corresponding  diffracted  beams  are 
divergent  which  gives  a  white  region  without  image.  In 
the  case  of  relative  orientations  giving  a  convergence  of 
the  diffracted  beams  a  darker  contrast  (black)  is 
obtained  due  to  the  overlapping  of  the  images.  It  is 
possible,  from  the  exact  knowledge  of  the  experimental 
setting,  and  the  measurements  of  the  width  of  the  black 
and  white  lines,  to  calculate  the  relative  orientations  of 
different  subgrains.  The  examined  part  of  this  plate 
(3.7x1. 7cm)  contains  about  ten  subgrains,  the  larger 
having  an  area  exceeding  two  square  centimetres. 

In  figure  3  is  represented  a  reflection  topograph 
covering  3.2cm  x  1.7cm  of  a  Y-45°slice.  About  4 
subgrains  can  be  observed  in  this  topograph.  We  can  also 
ob.serve  several  indications  of  the  possibility  of  a 
continuous  variation  of  the  crystalline  orientation  inside 
several  subgrains. 


Figure  1;  Laue  transmission  setting  (la)  and  oblique 
incidence  setting  (reflection)  (lb). 
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Figure  2:  Reflection  topograph  of  an  Y-cut  slice. 


Figure  3:  ReHection  topograph  of  an  Y-45“  cut  slice. 


F'igure  4:  Transmission  Laue  topograph  of  a  thin  (0.1mm) 
Y-4.3°  plate. 


Figure  5;  Transmission  Laue  topograph  of  another  Y-45” 
plate. 


Figure  4  is  a  transmission  topograph  of  a  Y-45°  thin 
slice  (O.lOOmm).  The  area  explored  in  the  plate  is  very 
nearly  0.8cm  x  1.6cm.  This  sample  presents  a  quite  large 
density  of  dislocations  homogeneously  distributed  across 
the  surface.  Only  one  subgrain  boundary  can  be  observed. 

In  figure  5  is  represented  an  other  transmission 
topograph  of  a  Y-45°  plate.  The  size  of  the  area  explored 
is  the  same  as  in  figure  4.  This  topograph  presents  an 
interesting  feature  of  the  dislocation  lattice  which  can  be 
seen  to  converge,  probably  to  form  subgrain-boundaries. 


Ill  this  topograph  ,  it  seems  to  appear  two  families  of 
dislocations,  the  first  one  corresponding  to  the 
dislocations  already  observed  in  figure  4  that  give  images 
roughly  directed  in  the  pulling  (y)  direction;  the  second 
family  corresponds  to  dislocations  organized  in 
convergent  lattices  situated  in  a  plane  closer  to  that  of  the 
plate.  It  is  probable  that  this  second  family  has  not  the 
same  origin  as  the  first  one.  This  point,  which  is  probably 
important  to  understand  the  mechanism  of  apparition  of 
the  subgrain  and  also  to  optimize  the  growth  and  cooling 
conditions  of  the  crystals,  need  further  investigations. 

In  figure  6  is  given  a  reflection  topograph  of  a  large  Z 
cut  slice  of  an  experimental  crystal.  Some  subgrains 
boundaries  and  emergences  of  the  dislocations  can  be 
observed. 


Figure  6:  Reflection  topograph  of  an  Z-cut  slice. 


Figure  7:  Reflection  Laue  topograph  of  another  Z-cut 
slice,  (same  scale  as  in  figure  2  and  3). 

An  other  example  of  a  Z-cut  slice  is  presented  in 
figure  7.  Again,  several  subgrains  can  be  observed.  But.  as 
in  figure  6,  their  surfaces  are  much  larger  than  what  was 
observed  in  figures  2  and  3.  Moreover,  their  orientations 
are  generally  also  much  similar.  These  crystals  are  thus 
more  adapted  to  obtain  piezoelectric  devices  having 
highly  reproducible  qualities. 

Other  characterizations  were  made  on  the  thin  X-cut 
plates  used  as  resonators,  the  corresponding  topographs 
are  discussed  in  the  following  paragraph. 

On  the  whole,  the  crystal  quality  of  TaLi03  seems  to 
be  sufficiently  good  to  make  bulk  and  surface  wave 
devices  owing  to  the  large  dimensions  of  the  observed 
subgrains. 
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Ill  KXPK.RIMKM  Al.  STt  1)Y  OF  THK  VIHRA TION 
MODKS  IN  X-Cl  T  RESONATORS  . 

III. I  rile  thickness  shear  modes  of  X-cut  plates. 

I  hc  one  (.limeiisioital  piezoelectric  theory  of  thickness 
inotles  |4|  indicates  that  only  the  two  shear  modes  can  be 
esiied  in  X-cut  plates.  A  slow  shear  mode  which  has  a 
jihase  velocity  of  about  3.468  m/s  ,  a  small  coupling 
coelficient  (  k=3..S';f )  a  large  negative  temperature 
coelficient  (  -44,  l()-6/“C)  and  a  fast  shear  mode  having  a 
phase  \elocily  of  4212  m/s,  a  large  coupling  coefficient 
(k-4,S  Vr )  and  a  small  first  ttrder  temperature  coefficient 
which  vanishes  at  a  temperature  depending  on  the 
stoechiometry  of  the  crystal.  The  shear  displacements  of 
these  modes  which  are  orthogonal,  are  not  exactly  situated 
in  (.iirections  contained  in  the  plane  of  the  plate,  but,  they 
make  a  small  angle  with  this  plane  (quasi-shear  modes). 
By  convention,  we  will  refer  in  the  following  the 
displacements  to  a  system  of  axis  constituted  by  the 
inojection  of  the  displacement  of  the  fast  shear  mode  on 
the  plane  of  the  plate  (x’,),  the  normal  to  the  plate(  x‘;=x). 
and  the  projection  of  the  slow  shear  mode  on  the  plane  of 
the  plate  (x’,).  The  difference  between  this  system  and 
that  which  is  constituted  by  the  three  one-dimensional 
eigen-modes  of  an  X-cut  plate  is  small,  atid,  in  practice, 
lower  than  the  experimental  precision  obtained  in  the 
present  investigations. 

On  figure  8,  a  typical  response  curve  of  an  X-cut 
resonator  (figure  9)  is  represented.  On  this  figure  we  can 
observe  the  fundamental  slow  shear  mode  and  the 
lundamental  fast  shear  mode.  The  shape  of  the  resonance 
curve  of  the  fast  shear  mode  is  typical  of  the  large 
coupling  coefficient  (large  frequency  difference  between 
the  resonance  and  the  antiresonance  ),  it  indicates  also  that 
this  mode  is  trap()ed  under  the  electrodes.  This  fact  is 
observed  in  most  cases,  for  resonators  with  electrodes 
having  dimensions  much  lower  than  the  plate  ones,  that 
arc  made  using  the  thickness  shear  modes  (fundamental, 
overtones,  and  their  anharmonics  up  to  a  certain  rank). 
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f  igure  8:  I'ypical  response  curve  of  an  X-cut  resonator 
with  sitKtII  electrodes:  (a)  fundamental  of  the  slow  shear, 
(b)  fundamental  fast  shear. 


f  igure  9:  Photography  of  an  X-cut  resonator  designed  to 
have  no  anharmonics  of  the  fast  shear. 


Phis  energy  trapping  of  the  modes  in  the  electroded  region 
results  of  the  frequency  lowering  due  to  the  mass  loading 
and  to  the  electrical  effect  of  the  electrodes. 

I  hc  very  large  coupling  coefficient  of  the  fast  shear 
induces  a  very  important  electrical  frequency  lowering 
lot  the  order  of  4kVtt'  in  a  crude  approximation)  and  an 
im|iortant  difference  between  the  cut-off  frequency  of  the 
electroded  region  and  that  of  the  unelectroded  region  |9j 
|I0|.  I'his  fact  leads  to  a  very  fast  attenuation  of  the 
lund.imcnial  shear  mode  outside  the  electroded  region  and 
;dso  to  the  need  to  use  very  small  electrodes  to  have  no 
.inhttrmonics  of  the  fast  shear. 


P'igure  lO:  Photography  of  an  X-cut  resonator  designed  to 
have  two  symmetrical  anharmonics  of  the  fast  shear. 
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The  resonator  represented  in  figure  10  was  made  with 
larger  electrodes  (having  a  much  larger  ratio  of  their 
lateral  dimensions  to  the  thickness  of  the  plate)  so  that  the 
fast  shear  mode  has  two  anharmonics  modes  (figure  1 1 ). 
This  was  done  in  order  to  study  the  properties  of  these 
modes  that  presents  an  interest  in  some  devices  (  the 
monolithic  filters)  and  are  in  other  cases  very  undesirable 
(discrete  resonators  for  filter  applications).  The 
anharmonics  modes  that  can  be  predicted  by  the  two  (11) 
or  three  dimensional  theories  [12]  ,  have  a  displacement 
similar  to  that  of  the  corresponding  shear  modes  in  the 
thickness  direction  (x’j),  but  this  shear  component 
(essentially  u,)  have  lateral  variations  presenting  one  or 
several  sign  reversal  (  nodal  lines).  In  lithium  tantalate 
like  in  other  materials  the  apparition  of  the  anharmonics 
is  mainly  governed  by  the  lateral  dimensions  of  the 
electrodes,  the  electrical  lowering  (  constant  for  a  given 
mode  and  a  given  orientation),  and,  the  mass-loading  of 
the  electrodes. 

The  slow  shear  mode  that  can  be  observed  in  figures  8 
and  1 1  has  a  quite  surprising  frequency  response 
presenting  several  anharmonics. 


Sai  log  HAG  10  da/  RCF  o  d8  ij  ''.aaoa  da 


CENTER  20.000  OOO  MHZ  SPAN  10.000  000  HHz 


Figure  1 1 :  Electrical  response  of  the  resonator  repre.sented 
in  Figure  10. 


III. 2  Experimental  setting. 

The  observations  were  made  using  a  transmission 
Laue  setting.  With  this  setting,  in  the  case  of  a  normal 
incidence,  Laue  diagrams  similar  to  that  represented  in 
figure  12  are  obtained.  This  diagram  is  relative  to  a 
resonator  similar  to  that  represented  in  figure  9  ,  vibrating 
on  the  fundamental  fast  shear  mode  near  15.846400  MHz 
.  In  this  Laue  pattern,  we  can  observe  an  extinction  of  the 
component  u,  of  the  fast  shear,  in  a  direction  (x’j)  which 
make  an  angle  of  about  45”  with  the  edges  of  the 
rectangular  X-cut  plates.  The  edges  of  this  plate  are  in  the 
y  and  z  directions  ,  so  that  this  experiment  is  a 
confirmation  of  the  theoretical  value  (-47”  from  the  y  axis) 
of  the  direction  of  the  polarization  (u,)  of  the  fast  shear 
mode.  The  extinction  of  the  contrast  relative  to  the  u, 


component  result  of  the  cancellation  of  the  product  g.u  in 
the  x’,  direction  .  Another  Laue  diagram  of  the  same 
re.sonator  is  represented  in  figure  13.  In  this  case,  the 
incident  beam  was  delimited  using  a  circular  diaphragm 
and  the  distance  between  the  sample  and  the  film  was 
reduced.  This  permits  to  obtain  a  better  accuracy  in  the 
measurements  and  an  easier  comparison  with  computed 
simulations  of  the  diagrams  made  to  identify  the 
diffraction  vectors  of  the  different  spots. 


Figure  12:  Laue  pattern  of  an  X-cut  resonator  (normal 
incidence).  The  projections  of  u,  (axe  x’,)  and  of  Uj  (axe 
x’3)  are  drawn  on  the  diagram. 


•  •  • 

.  •  • 


Figure  13:  Laue  pattern  of  an  X-cut  resonator  (normal 
incidence  and  reduced  sample-  film  distance). 

111.3  X-cut  resonator  with  small  and  symmetrical 
electrodes . 

This  resonator  has  a  thickness  of  about  70  microns  and 
5  mm  of  diameter  .  In  figure  14a  is  represented  the 
response  curve  .  Two  modes  are  exited  .The  slow  shear 
mode  appears  on  the  low  frequency  part  (left)  of  the 
diagram  and  the  fast  shear  mode  is  on  the  right. 

Conventional  topographs  of  this  resonator  have  been 
obtained  using  the  transmission  Laue  setting 
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Hi. 4  Fast  shear  mode  of  a  resonator  with  small  and 
symmetrical  electrodes. 

On  figure  15  is  represented  the  responses  curves  of  a 
resonator  having  small  rectangular  electrodes  elongated  in 
the  x’j  direction  .  The  two  curves  corresponds  respectively 
to  the  response  of  the  resonator  alone  and  of  this  resonator 
with  a  serial  capacitance  adjusted  so  that  the  resonance 
frequency  was  exactly  equal  to  9  times  the  recurrence 
frequency  of  the  synchrotron  (28.523520  MHz).  This 
resonator  was  examined  using  the  stroboscopic  and  the 
conventional  technique  17)  (131  114).  On  figure  16.a  is 
represented  the  u,  component  of  fundamental  fast  shear 
mode  observed  in  stroboscopic  conditions  (observation 
during  a  1  ns  time  slot  of  the  vibration  mode  at  a  fixed  time 
of  the  vibration  period).  The  figure  16. b  represents  the 
same  component  observed  using  conventional  topography 
(  i.e.  with  a  continuous  shift  of  the  Ins  observation  time 
slot  over  the  period  ,  an  integration  being  performed  by 
the  film).  From  these  figures,  it  can  be  concluded  that  the 
conventional  trapped  shear  mode  is  coupled  to  a 
progressive  component  that  extends  over  the  total  surface 
of  the  plate.  Using  the  stroboscopic  setting  ,  and  a  slow 
variation  of  the  phase  shift  between  the  resonator 
excitation  and  the  synchrotron  current,  it  is  possible  to 
observe  with  an  X-ray  sensitive  video  camera,  that  the 
non-stationnary  component  is  progressing  towards  the 
mounting  clips  ( true  stroboscopic  observation).  Thus  this 
progressive  component ,  which  has  a  large  standing  wave 
ratio,  carries  a  fraction  of  the  energy  outside  of  the 
resonator.  This  fact  was  observed  in  all  the  examined 
resonators  and  is  most  probably  responsible  of  the  rather 
low  Q  factor  of  the  fundamental  fast  shear  mode. 

The  mode  shape  of  the  u,  component  is  elongated  in 
the  x’l  direction  whereas  the  electrodes  are  elongated  in 
the  x'j  direction:  this  indicates  that  the  X-cut  of  lithium 
tantalate  pre,sents  a  large  in  plane  anisotropy  (I0|.  On 
figures  16c  and  16d  are  represented,  very  nearly,  the  U3 


Figure  15  :  Electrical  response  of  a  resonator  with  small 
and  symmetrical  rectangular  electrodes. 


components,  observed  respectively  in  stroboscopic  and 
conventional  conditions.  Again,  we  can  observe  a  weak 
stationary  trapped  part  (antisymmetrical  with  one  nodal 
line  in  both  the  x’,  and  x’j  directions)  and  a  progressive 
part.  The  fact  that  an  essentially  shear  mode  has  a  small  u,, 
component  results  of  the  finite  dimensions  of  the 
electroded  region.  This  type  of  mode  can  also  have  an  Uj 
component,  (this  was  observed  in  several  instances). 


16c:  U3  time  resolved  integrated 

observation.  observation. 

(Stroboscopic  topograph)  (Conventional  topograph) 

Figure  1 6:  Observed  fast  shear  mode  of  a  resonator  having 
symmetrical  small  electrodes . 
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III.5  Mode  of  a  resonator  with  symmetrical  larges 
electrodes  (  plate  modes  coupled  to  the  fast  shear). 

A  resonator  having  large  elliptical  electrodes 
(  »x. 5mm)  elongated  in  the  x’j  direction  with  the  electrode 
tabs  in  the  x’,  direction  was  examined  using  the 
stroboscopic  and  conventional  technique.  The  results  are 
given  in  figure  17  for  the  fundamental  fast  shear  mode. 
I  hree  diffraction  vectors  are  considered  in  this  figure  (one 
on  each  rank  of  the  figure)  .  The  first  one  (  Figures  17a, 


1 7b.  1 7c  )  is  such  that  nearly  only  the  u,  component  ot  the 
\  ibraiion  mode  can  be  visualized  if  the  plate  is  vibrating  (a 
very  small  fraction  of  u.  may  also  appear).  The  second  and 
the  third  ones  are  such  that  nearly  only  the  Uj  component 
is  imaged.  Respectively  figures  17d,  17e,  17f  and  figures 
I7g.  17h,  17i).  The  three  columns  of  this  figure 
correspond  respectively  to  topographs  obtained  wiihoui 
excitation,  stroboscopic  topographs  and  conventional 
topographs.  On  the  topograph  taken  without  vibration 


Figure  17;  Observation  of  the  fundamental  fast  shear  mode  in  a  resonator  with  large  symmetrical 
elliptical  electrodes. 

17a,  b,  c;  images  obtained  with  a  diffraction  vector  nearly  in  the  u,  direction. 

I7d,  e,  f:  images  obtained  with  a  dilfraction  vector  nearly  in  the  Uj  direction. 

17g,  h,  i:  images  obtained  with  a  diffraction  vector  close  to  the  Uj  direction. 

(In  the  columns:  without  excitation,  stroboscopic  topographs,  conventional  topographs). 
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(lirst  column),  it  is  possible  to  observe  the  characteristic 
conirasts  of  the  dislocations  existing  in  the  plate  and  one 
subgrain  boundary.  In  figure  17a  and  partially  in  figure 
17g.  these  contrasts  are  inverted.  This  results  of  the  very 
important  value  of  the  p.t  product  (specific  absorption  x 
thickness)  even  for  this  very  thin  sample  (70  microns). 

On  the  conventional  topographs  of  the  third  column 
that  were  extracted  of  the  same  Laue  diagram,  the  shape  of 
the  U|  component  (figure  17c)  is  quite  conventional  except 
iliat  the  mode  shape  is  elongated  in  the  x’,  direction 
whereas  the  electrodes  are  elongated  in  the  x’3  direction 
(effect  of  the  lateral  anisotropy  ).  In  this  case  the  Uj 
component  is  very  important  and  extends,  mainly  in  the 
direction  of  the  x’3  axis,  up  to  the  edge  of  the  plate  (figures 
I7f  and  17i).  On  the  stroboscopic  topographs  of  the 
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figure  18a;Response  curve  of  the  resonator  with  large 
electrodes. 
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Figure  18b:Photography  of  the  resonator  (large  square 
electrodes). 


second  column,  taken  also  from  the  same  film,  there  are 
formal  evidences  of  the  existence  of  strong  u,  (  figure  1 7b) 
and  u,  (  figures  17e  and  17h)  progressive  components. 
.Although  no  separate  examination  of  the  u,  component 
have  been  made  (it  requires  reflection  topography),  the 
examination  of  the  diffractions  spots  on  the  transmission 
topographs  seems  indicate  that  this  component  is  also  non 
negligible. 

111.6  Mode  of  a  resonator  having  symmetrical  larges 
electrodes  (anharmonics  of  the  fast  shear). 

On  Figure  18  are  represented  the  u,  and  Uj  components 
of  the  three  fast  shear  modes  (figure  1 8a)  of  a  resonator 
having  large  square  electrodes  (figure  18b).  These 
components  were  observed  using  the  conventional 
topography  technique.  Figures  18c,  18d,  18e  are 
respectively  relative  to  the  u,  components  of  the 
fundamental  mode  and  of  the  two  symmetrical 
anharmonics  having  two  nodal  lines  (  the  only  ones  that 
are  trapped  in  these  conditions).  The  first  anharmonic 
appearing  after  the  main  mode  has  nodal  lines  in  the  x’, 
direction  whereas  the  second  has  its  nodal  lines  in  the  x’t 
direction.  A  very  weak  stationary  coupled  u,  component, 
extending  largely  beyond  the  electroded  region,  can  be 
observed  in  figures  18d  and  18e.  The  fundamental  mode 
has  a  weak  trapped  Uj  component  (figure  1 8f )  whereas  the 
two  anharmonics  have  large  Uj  stationary  components 
extendimi  up  to  the  fixations  of  the  plate  (figures  i8g  and 
18h). 

111.7  Modes  of  a  resonator  having  large  unsymmetrical 
electrodes.  (Slow  shear  and  fast  shear) 

This  resonator  was  electroded  using  two  rectangular 
masks  that  have  a  large  pentagonal  overlapping  region 
which  constitutes  an  electrode  system  not  symmetrical 
with  respect  to  the  x’,  and  x’3  axis  and  that  is  not  centred 
in  the  plate  (figure  19).  The  response  curve  of  this 
resonator  is  given  on  figure  20.  On  this  curve  it  is  possible 
to  observe  the  fundamental  slow  shear  mode  and  several 
of  its  anharmonics  and  the  fundamental  fast  shear  mode 
followed  by  three  strong  anharmonics.  A  detailed  view  of 
the  response  near  the  slow  shear  mode  is  given  in  figure 
21. 


Figure  19;  Photography  of  a  resonator  having 
unsymmetrical  electrodes  not  centred  in  the  plate. 


Ill  figure  22  are  given  conventional  (time  integrated)  observations  we  can  induce  that  this  mode  is  very  weakly 

topographs  taken  with  three  diffraction  vectors  trapped  and  also  that  it  is  strongly  coupled  to  the  fast  shear 

res|X'ctively  in  the  u,,  in  the  u,  and,  in  a  composite  one  (  large  value  of  the  Ui  component).  The  topographs  of 

direction  (one  diffraction  vector  on  each  line).  7'he  the  last  column  are  relative  to  the  fundamental  fast  shear 

topographs  of  the  first  column  concern  the  resonator  with  mode.  As  expected  from  theoretical  considerations,  the  u, 

no  excitation.  In  these  topographs  the  dislocations  existing  component  of  this  mode  is  very  strongly  trapped  under  the 

m  the  material  are  imaged.  In  the  second  column  of  figure  electrodes  and  displays  their  pentagonal  shape.  The  u, 

22  are  respectively  represented  the  u,  component  (22b).  component  of  the  last  shear  extends  up  to  the  edge  of  the 

the  u,  component  (22e)  and  a  mix  of  the  three  components  plate. 

(22i)  of  the  fundamental  slow  shear  mode.  From  these 


22a,  b,  c;  images  obtained  with  a  diffraction  vector  nearly  in  the  u,  direction. 

22d,  e,  f;  images  obtained  with  a  diffraction  vector  nearly  in  the  u,  direction. 

22g,  h,  i;  images  obtained  with  a  diffraction  vector  in  a  composite  direction  . 

(  in  the  columns:  without  excitation,  slow  shear,  fast  shear). 

Figure  22:  Topographs  of  the  resonator  represented  in  Figure  19,  without  vibration,  fundamental  slow 
shear  mode  and  fundamental  fast  shear  mode. 


Conventional  topographs  of  the  three  anharmonics  of 
the  fast  shear  are  given  in  figure  23.  The  u,  component  of 
the  first  anharmonic  which  displays,  as  expected  2  nodal 
lines  in  the  x',  direction  ,  is  symmetrical  in  the  x',  and  in 
the  x',  direction.  This  mode  has  a  similar  nature  as  the  first 
anharmonic  excited  by  electrodes  symmetrical  with 
respect  to  the  x’,  and  x’,  axis  (  figure  18)  .  The  second 
anhartnonic  has  a  very  unconventional  weak  u, 
component  with  much  probably  one  nodal  line  in  one 
direction  and  two  in  the  other.  The  u,  componf’-'t  of  the 
third  anharmonic  has  two  nodal  line  in  the  x‘,  'ection 
and  is  very  nearly  symmetrical. 


The  u,  components  of  these  anharmonics  aic  very 
large  and  again  extend  up  to  the  edge  of  the  plate.  Their 
structure,  in  particular  in  the  electroded  region  ,  is 
probably  due  to  some  coupling  w  ith  the  slow  shear  modes. 
The  comparison  of  the  topographs  representing  the  u, 
and  the  u,  components  of  these  modes  and  those 
representing  a  mix  of  the  u,,  u,,  and,  u,  components, 
indicate  the  existence  in  these  latter  topographs,  of  a  non 
negligible  u,  component. 


23a,  b.  c:  modes  imaged  with  a  diffraction  vector  nearly  in  the  u,  direction. 

23d.  e.  f:  modes  imaged  with  a  diffraction  vector  nearly  in  the  u,  direction. 

23g,  h.  i:  modes  imaged  with  a  diffraction  vector  in  a  composite  direction. 

Figure  23:  The  fast  shear  anharmonics  of  the  resonator  with  unsymmetrical  electrodes. 
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111.8  Resonator  with  symmetrical  large  electrodes 
(anharmonics  of  the  slow  shear  modes). 

The  response  curve  of  this  resonator  is  displayed  in  the 
f  igure  24  .  On  this  curve  we  can  observe,  after  the  slow 
shear  mode,  several  "spurious"  resonances  that  are 
coupled  to  the  fundamental  fast  shear  mode  and  to  the 
anharmonics  of  the  fast  shear.  In  1  and  2  are  indicated  2 
modes  of  this  type  that  where  particularly  investigated. 
I'he  drawing  presented  in  figure  25  shows  that  the 
mounting  clips  were  put  in  the  the  x’,  direction  instead  of 
the  usual  x’,.  In  the  figure  26a  is  given  a  conventional 
topograph  of  this  resonator  obtained  without  vibration  . 
file  black  and  white  contrasts  may  correspond  to 


ferroelectric  domains.  On  figure  26b  is  presented  the 
topograph  of  a  spurious  mode  existing  after  the  slow  shear 
(u,  component).  On  figure  26c  is  presented  another 
spurious  mode  existing  between  tlie  slow  and  the  fast 
shear  modes.  Since  it  was  observed  that  the  u,  component 
of  these  modes  is  very  weak,  it  appears  that  these  modes 
are  untrappted  anharivionics  of  the  slow  shear  that  extend 
up  to  the  plate  edge  in  the  x’j  direction  .  This  type  of 
mode  has  an  important  electrical  response  each  time  that 
the  mounting  clips  are  not  in  the  x’3  direction.  They  are 
very  much  attenuated  w  hen  the  mounting  clips  are  in  the 
x’,  direction. 


IV  ( ONCLUSION. 

In  this  study  the  crystalline  pertection  of  LiTa03 
sample  was  examined  using  synchrotron  radiation  X-ray 
topography.  In  thick  plates  imaged  in  reflection,  a  quite 
large  density  of  dislocations  and  the  existence  of  subgrain 
boundaries  were  observed.  The  large  intensity  of  the  white 
synchrotron  radiation  has  permitted  to  obtain  good 
transmission  topographs  of  thin  plates.  In  these 
topographs  individual  dislocations  were  well  resolved 
and,  it  has  appeared  that,  at  least,  two  types  of  dislocations 
can  exist  in  this  material.  On  the  whole,  the  quality  of  the 
material  appear  to  be  sufficiently  good  for  the 
piezoelectric  applications  owing  to  the  large  dimensions 
of  the  subgrains.  The  new  expterimental  crystals  have  a 
greater  perfection. 

The  large  intensity  and  the  time  structure  of  the  X-ray 
radiation  of  the  D.C.I.  Synchrotron  of  the  L.U.R.E.  (Orsay 
F-rance)  have  permitted  to  make  the  first  important 
experimental  study  of  the  thickness  vibration  modes  of 
X-cut  plates  using  either  the  conventional  or  the 
stroboscopic  technique. 

This  study  has  revealed  several  features  of  the  slow 
and  of  the  fast  shear  modes  excited  in  these  plates.  The 
most  important  one  is  the  fact  that  the  fundamental  fast 
shear  mode  and  its  anharmonics  were,  in  all  the  observed 
cases,"  coupled"  to  progressive  components  extending  on 
the  whole  surface  of  the  plate.  These  progressive 
components  lead  to  the  dissipation  of  a  small  fraction  of 
the  energy  of  the  mode  in  the  mounting  structure  of  the 
resonator  and  are  most  probably  at  the  origin  of  the 
limited  Q  factor  of  the  resonators.  In  many  instances  ,  the 
fast  shear  modes,  possess  stationary  components  also 
extending  all  over  the  plate  that  may  be  due  to  a  coupling 
to  plates  modes.  The  importance  of  the  Uj  component  of 
these  modes  and,  its  particular  structure  most  often 
observed,  indicate  probably  a  strong  coupling  to  the  slow 
shear.  The  fundamental  of  the  slow  shear  and  its 
anharmonics  are  very  weakly  trapped  by  the  small 
electrodes  needed  to  have  a  good  response  for  the  fast 
shear. 

On  the  whole,  this  study  has  shown  the  great 
complexity  of  the  fundamental  shear  modes  in  a  highly 
piezoelectric  material  and  the  great  possibilities  offered 
by  the  synchrotron  radiations  X-ray  topography.  These 
experiments  indicate  also  the  fundamental  interest  of 
using  the  modern  theories  of  plate  vibrations  that  include 
the  possibilities  of  describing  the  coupling  of  several 
kinds  of  plate  modes  to  the  thickness  ones.  Only  this  kind 
of  theories  can  permit  a  sufficiently  accurate  description 
of  the  actual  vibration  modes  in  highly  piezoelectric 
materials  and  an  optimization  of  the  design  of  such 
devices. 
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Abstract 

This  paper  describes  an  experimental 
evaluation  scheme  of  the  forth  order  non¬ 
linear  elastic  constant  of  quartz  Ceses 
using  AT-cut  resonators.  The  evaluation 
has  been  made  from  measured  quadratic 
frequency  changes  against  excitation  curr¬ 
ents  and  actual  vibration  amplitude  distri¬ 
butions  of  thickness-shear  vibrations  mea¬ 
sured  by  the  optical  fiber  vibration  sensor. 
We  have  obtained  more  reasonable  estimates 
of  C6666  compared  with  those  previously 
reported  with  a  wide  variation. 

Introduction 

The  AT-cut  quartz  resonators  have  been 
In  extensive  use  as  ultra-high  stability 
resonators  for  selection  and  control  of 
frequency.  It  has  been  known,  however, 
that  they  exhibit  nonlinear  behaviors  at 
high  excitation  levels.  For  example,  their 
resonance  frequencies  slightly  increase 
nearly  In  proportion  to  the  squared  values 
of  excitation  current  amplitudes,  known  as 
the  so-called  amplitude  frequency  effect 
( the  A-F  effect )"  ’  . 

To  elucidate  these  nonlinear  behaviors, 
a  number  of  theoretical  and  experimental 
work  have  so  far  been  made.  For  Instance, 
Gagnepaln  considered  In  his  early  work  that 
this  frequency  change  was  due  to  the  forth 
order  nonlinear  elastic  constant  Cesee  .  He 
obtained  estimate  values  of  this  constant 
on  the  order  of  10'^  N/w^  using  three  diffe¬ 
rent  AT-cut  resonators  and  assuming  uniform 
vibration  distributions  over  the  elec¬ 
trodes'’’.  Later  he  showed,  in  his  review 
paper,  values  of  3~8xi0'^  N/bi^  obtained  from 
a  one  dimensional  model'^’ .  Tlersten  made 
detailed  theoretical  nonlinear  analyses  of 
thickness-shear  vibrations  of  quartz  reso¬ 
nators'^’'*®’  ,  and  Smythe  made  mainly  expe¬ 
rimental  work  on  nonlinear  resonance  and 
Intermodulation  of  quartz  resonators . 
They  gave  estimate  values  of  Cssee  of  the 
order  of  N/i^.  These  estimate  values, 
however,  vary  considerably  from  each  other, 
by  an  order  of  magnitude  In  some  cases,  and 
consequently.  It  appears  that  this  constant 
has  not  been  well  known.  It  would  be  of 


great  significance,  from  a  practical  design 
point  of  view  In  particular.  If  we  could 
estimate  In  advance  the  resonator  nonlinear 
performance,  by  knowing  this  nonlinear 
constant . 

With  this  In  mind,  we  describe  In 
this  paper  an  evaluation  scheme  of  this 
nonlinear  elastic  constant.  The  scheme 
uses  both  quadratic  frequency  changes 
against  excitation  and  vibration  amplitude 
distributions  over  the  resonator  surface, 
measured  by  the  high  sensitivity  optical 
fiber  vibration  sensor  reported  earlier'®’. 
We  have  obtained  more  reasonable  estimates 
of  C6666  compared  with  those  previously 
reported  with  a  wide  variation,  although  we 
can  not  preclude  the  possibility  of  the 
existence  of  other  unknown  nonlinear  fac¬ 
tors  affecting  the  present  results. 

Amplitude-Frequency  Effect 
of  the  AT-cut  Resonator 


Fig.  1  shows  an  example  of  the 
amplitude-frequency  effect  of  a  circular 
planer  trapped-energy  AT-cut  resonator  as 
shown  In  Fig. 2.  Relative  frequency  changes 
of  the  third  and  fifth  overtone  vibrations 
are  plotted  as  functions  of  the  squared 
value  of  excitation  current  amplitude  I . 
Frequency  measurements  were  performed  by 
obtaining  frequencies  at  which  the  resona¬ 
tor  Impedances  become  purely  resistive. 
The  resonat  r  has  a  fundamental  resonance 
frequency  of  nearly  10  MHz.  a  radius  of  6.2 
mm,  a  thickness  of  0.165  mm,  and  gold  eva¬ 
porated  electrodes  with  a  radius  of  3.0  mm. 
Great  care  was  taken  to  support  the  resona¬ 
tor  to  avoid  any  additional  nonlinear 
effects  caused  by  stresses.  It  Is  seen 
that  the  relative  frequency  changes  are 
almost  perfectly  proportional  to  the 
squared  values  of  excitation. 

Also  shown  by  dotted  lines 
resonance  resistances  Rs  of  the 
for  these  overtone  vibrations, 
constant  resistances  over  a  wide  range  of 
excitation  Indicate  that  the  resonator 
would  be  of  sufficient  quality 
evaluation  of  the  nonlinear 
constant . 


are  the 
resonator 
Nearly 


for  the 
elastic 
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P'ig.l.  Relative  frequency  changes  against 
squared  excitation  currents. 


Fval nation  Method  of  the  Nonlinear 
Elastic  Constant 

in  this  section  we  describe  the 
evaluation  method  of  the  forth  order 
nonlinear  elastic  constant  Cbsee  which  has 
been  believed  to  be  mainly  responsible  for 
the  amplitude-frequency  effect.  In  this 
method,  the  constant  Is  evaluated  from  two 
experimentally  measured  characteristics  of 
the  resonator,  l.e.,  frequency  changes  due 
to  excitation  level,  and  vibration  displa¬ 
cement  distributions  measured  by  the  opti¬ 
cal  fiber  vibration  sensor''”. 

Since  the  dominant  deformation  In  the 
AT-cut  resonators  Is  the  thickness  shear 
deformation  Ss,  the  strain  energy  function 
W  Is  approximately  expressed  as"”' 


W  -  (1/2)  C  66  S  6^  +  (1/24)  C  6666  S  6*  =  Wo  +  A  W  ( 1 ) 

In  this  equation.  Cee  Is  the  linear  elastic 
constant  of  quartz.  and  terms  which  become 
zero  when  time  averaged,  and  higher  order 
terms  with  negligible  contributions  are 
oml tted . 

The  resonance  frequency  change  of  an 
AT-cut  resonator  when  this  energy  Is  varied 
by  changing  excitation  Is  given  by 


A  r 

~r 


lir  jrj. 

17  Ji'J. 

.  (2) 


where  oj  is  the  resonant  angular  frequency 
of  the  vibration,  and  V,  the  volume  of  the 
resonator . 

The  X  direction  vibration  displacement 
u,  and  the  thickness  shear  deformation  Se 
are  approximately  given  by  the  following 
equations,  with  n  being  the  order  of  an 
overtone  vibration,  and  h,  the  thickness  of 
the  resonator. 


u,=  U(x,7.)sin(nffy/h)sin(<jt  (3) 

Se  =  3  u  x/ 9  y  =  U  (  X  .  z  )  (  n  n  /  h  ) 

•cos(nny/h)sintDt  (4) 

Substituting  eq.(4)  Into  the  terms  Wo 
and  AW  In  eq.(l)  and  then  substituting 
these  terms  into  eq.(2),  we  obtain 
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where  S  Is  the  resonator  surface  area.  For 
convenience,  we  use  the  normalized 
vibration  distribution  F  =  F(x,z)  defined 
as 


U(x,  z)  =U.F(x,  z) 


(6) 


where  U «i  Is  the  maximum  vibration  ampli¬ 
tude.  Substituting  this  distribution  F 
into  eq. (5)  yields 
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On  the  other  hand,  the  Induced  total 
charge  on  an  electrode  is  obtained  by 
Integrating  the  y  direction  electric 
displacement  component  over  the  electrode 
surface  area  Se.  Since  the  resonator 
current  Is  the  time  derivative  of  this 
charge,  the  effective  value  le  of  the 
current  Is  given  as 
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where  628*  Is  the  piezoelectric  constant  of 
the  AT-cut  plate.  Substitution  of  the 
vibration  amplitude  U.  obtained  from  eq.(8) 
Into  eq.(7)  yields  the  following  equation 
giving  the  quadratic  frequency  shift  A  f/f 
against  the  resonator  current  density  j  «  , 

In  agreement  with  the  experimental  obser-  -4 
vatlons . 
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(a)  Third  overtone 
f3  -  30.35  MHz 
I.  -  10  nA 


(b)  Fifth  overtone 
fj  •  50.58  MHz 
I.  •  10  mA 


j«=  I  «/S.  (current  density,  A/i*)  (12) 


The  value  of  k  appearing  In  eqs.(9)  and 
(11),  the  amplitude  frequency  effect 
coefficient  (the  A-F  coefficient),  can  be 
determined  from  the  Inclination  of  a  mea¬ 
sured  frequency  change  against  squared 
excitation  currents.  The  Integration  term  J 
depends  only  on  the  shape  of  the  vibration 
distribution  F(x,z),  and  can  be  determined 
by  measurements.  If  uniform  vibration 
distributions  over  the  resonator  surface 
are  assumed,  l.e.,  F(x,z)  =  1,  then  eq.(9) 
reduces  to  the  following  equation  derived 
by  Gagnepaln  et.  al.'". 

A  f  _  3  n  ^  C  6666  g  ^  I  0^  (13) 
f  256  C66  (e26’S<uo)® 

From  eq.(ll),  the  forth  order  nonlinear 
elastic  constant  C6666  Is  finally  expressed 
as 
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256 
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where  f  Is  the  resonance  frequency.  C6e= 
0.2902x  10”  N/«®  ,  and  e  26*  = -0.  9474X  10”  C/i*  , 
It  should  be  noted  that  the  forth  order 
nonlinear  elastic  constant  C6666  depends 
only  on  the  shape  of  vibration  distribu¬ 
tions  F(x,z)  and  not  on  their  magnitudes. 


Fig. 3.  Measured  amplitude  distributions 
of  the  third  and  fifth  thickness- 
shear  vibrations. 


Recently  quantitative  vibration  measure¬ 
ments  of  quartz  resonators  in  the  VHF  fre¬ 
quency  range  have  become  possible  by  the 
optical  fiber  Interferometric  vibration 
sensor'®’.  In  this  sensor,  the  amplitude  of 
a  vibration  Is  determined  by  homodyne 
detection  of  phase  modulation  of  Interfer¬ 
ing  lights  caused  by  the  vibration  to  be 
measured . 

Figs.  3(a)  and  (b)  show  amplitude 
distributions  of  the  x  direction  vibration 
component  of  the  third  and  fifth  overtone 
thickness-shear  vibrations  along  the  x  and 
z  axes  of  the  resonator,  measured  by  this 
sensor.  Measurements  were  performed  by 
scanning  focused  laser  beams  over  the 
resonator  surface.  Although  the  measured 
values  have  some  dispersions,  the  nature  of 
the  vibrations  Is  well  revealed,  l.e., 
similar  vibration  profiles  along  the  x  and 
z  axes  and  narrower  profiles  for  the  fifth 
overtone  compared  with  the  third  overtone 
vibration,  for  Instance. 

Resonator  Currents 
and  Motional  Inductances 


Vibration  Distributions 
of  the  AT-cut  Resonator 

As  mentioned  earlier.  It  Is  crucial 
for  accurate  evaluation  of  the  nonlinear 
elastic  coefficient  to  know  the  vibration 
distributions  over  the  resonator  surface. 


As  pointed  out  previously,  the  norma¬ 
lized  vibration  distribution  F(x,z)  plays  a 
key  role  In  the  evaluation  of  the  nonlinear 
coefficient,  and  can  be  measured  by  the 
optical  fiber  vibration  sensor.  To  assure 
that  the  measured  vibration  distributions 
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are  of  reasonable  accuracy,  resonator  curr¬ 
ents  and  motional  Inductances  were  calcu¬ 
lated  from  the  measured  vibration  distribu¬ 
tions  and  compared  with  directly  measured 
values . 

The  resonator  current  !»  Is  expressed 
by  eq.(8),  and  Is  listed  below  again  for 
the  sake  of  convenience. 


numerically  evaluating  the  Integral  terms 
In  eqs.(15)  and  (16)  using  the  measured 
vibration  distributions  F(x.z)  as  shown  In 
Fig. 3,  and  the  measured  values  were 
obtained  by  use  of  a  network  analyzer. 
The  results  agree  reasonably  well  with  each 
other,  and  hence  the  measured  vibration 
distributions  are  of  reasonable  accuracy. 


( /?  o)  e  ?e 


f  F  d  S 

J  So 


Fvaluatlon  of  the  Forth  Order 


The  motional  Inductance  Le  Is  obtained 
by  equating  the  time-averaged  kinetic 
energy  of  the  resonator  to  the  electro¬ 
magnetic  energy  stored  In  Its  equivalent 
circuit,  and  Is  expressed  as 


where  p=2. 65xio^  Kg/m^  is  the  density  of 
quartz.  This  equation  Indicates  that  the 
motional  Inductance  Le  depends  solely  on 
the  shape  F(x,z)  of  the  vibration  distribu¬ 
tion,  being  Independent  of  Its  magnitude. 

Table  1  gives  calculated  and  measured 
resonator  currents  and  motional  Inductances 
for  the  third  and  fifth  overtone  vibrations. 
The  calculated  values  were  obtained  by 


As  stated  earlier,  the  A-F  coefficient 
k  In  eq.(9)  and  the  Integration  term  J 
given  by  eq.(lO)  are  needed  for  the 
evaluation  of  the  forth  order  ronllnear 
coefficient  Ceses  ,  both  of  which  are 
determined  by  measurements  In  this  work. 

The  values  of  k  were  found  to  be 
0.12x10''°  and  0.24x10"'°  for  the 
third  and  fifth  overtone  vibrations  respec¬ 
tively  from  the  slope  of  the  frequency 
shift  curves  shown  In  Fig.  1.  The  electrode 
radius  of  r,  =  3.0  mm  was  used  In  this 
calculation . 

The  integration  terms  J  were  deter¬ 
mined  by  numerically  evaluating  the  three 
integrals  In  eq.(lO)  In  terms  of  vibration 
distributions  F  =  F(x.z),  obtained  from  the 
measured  vibration  distributions  as  shown 
in  Fig.  3.  The  values  of  J  were  found  to 
be  1.7  and  2.7  for  the  third  and  fifth 
overtone  vibrations  respectively. 

Using  these  k  and  J  values,  the 
nonlinear  elastic  constant  Ceese 


Vibration  «ode 
(resonance  freq, ) 

Resonator 
(calc. ) 

current  I  « 
(■teas. ) 

Motional 
(calc. ) 

inductance  L« 
(neas. ) 

3rd  overtone 

10.9  nA 

10.  0  nA 

7.03  nH 

6.84  nH 

(30. 35  MHz) 

5th  overtone 

11.  2  hA 

10.0  nA 

7.9  nH 

7.  57  nH 

(50.  58  MHz) 

has  been  evaluated  by  eq.(14), 
and  listed  in  Table  2  along  with 
the  values  previously  reported. 
The  values,  0  66  =  0.2902  x  10"  N/«°  and 
e  26’ =  -  0. 9474  X  10' '  C/i°  ,  were  used 
in  the  calculation.  Although  there 
Is  still  some  difference  between 
the  values  obtained  from  the  third 
and  fifth  overtone  vibrations,  the 
difference  Is  much  smaller  than 
the  previously  reported  values 
with  a  wide  variation,  by  an  order 


Table  1  Resonator  currents  and  motional  Inductances. 


of  magnitude  In  some  c'.ses. 
Although  the  measured  results  are 


Table  2  Evaluated  estimate  values  of  the  forth  order 
nonlinear  elastic  coefficient  C6666. 


75 


not  extensive,  and  moreover,  other  unknown 
nonlinear  factors  could  affect  the  present 
results  for  Ceeee,  we  believe  that  we  have 
obtained  at  least  more  reasonable  esti¬ 
mates  of  C6666  compared  with  those  pre¬ 
viously  reported. 

Conclusions 

We  have  described  an  experimental 
evaluation  scheme  of  the  forth  order 
nonlinear  elastic  coefficient  Cseee  .  using 
both  the  measured  ampl 1 tude- f requency 
effect  of  the  AT-cut  resonator,  and  the 
actual  thickness-shear  vibration  distribu¬ 
tions  measured  by  the  optical  fiber  vibra¬ 
tion  sensor.  We  have  obtained  more  reaso¬ 
nable  estimates  of  Ceeee  compared  with 
those  with  a  wide  variation  previously 
reported  in  a  number  of  work. 
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Discussion 


Question:  K.K.  Tuladhar,  Oscilloquartz, 
Switzerland 

Do  you  have  any  plans  to  extend  current 
technique  to  cover  contoured  AT-cut  (Fundamen¬ 
tal  -  5th  overtone  modes)  crystals  and  SC-cut 
crystals? 

Answer:  Y.  Hirose  &  Y.  Tsuzuki 

We  have  a  plan  to  refine  our  evaluation 
technique  and  to  extend  it  to  cover  contoured  AT- 
cut  crystals. 
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Abstract 

The  aging  of  quartz  crystal  resonators,  filters,  and 
oscillators  is  reviewed,  including  the  topics  of:  the 
impacts  of  aging,  typical  aging  characteristics,  aging 
specifications,  aging  mechanisms,  temperature  dependence 
of  aging,  frequency  and  overtone  dependence  of  aging, 
drive  level  dependence  of  aging,  the  effects  of  aging 
interruptions,  the  dependence  of  aging  on  material  and 
mode  type,  the  state-of-the-art  in  low-aging  oscillators, 
and  aging  acceleration  effects.  The  aging  mechanisms 
discussed  include:  contamination  transfer  effects,  stress 
effects,  electrode  effects,  diffusion  effects,  changes  in  the 
quartz  material,  and  circuit  and  other  electrical  changes. 
Isothermal  and  thermal  step  stress  aging  acceleration 
methods  are  also  reviewed. 

Introduction. 

The  long  term  time  dependence  of  a  frequency  source’s 
freqi’ency  is  often  called  frequency  aging.  Since  other 
long  term  changes  can  occur,  such  as  changes  in  the 
elements  of  the  equivalent  circuit  of  a  crystal  resonator, 
and  in  a  crystal  oscillator’s  input  power  ("input  power 
aging”  is  defined  in  MIL-0-553 10  [1]),  clarity  of 
expression  requires  that  the  particular  parameter  of  interest 
be  specifically  stated.  In  the  remainder  of  this  paper, 
"aging"  will  mean  frequency  aging,  unless  otherwise 
specified. 

"Aging"  and  "drift"  have  occasionally  been  used 
interchangeably  in  the  frequency  control  literature. 
However,  in  1990,  recognizing  the  "need  for  common 
terminology  for  the  unambiguous  specification  and 
description  of  Oequency  and  time  standard  systems,"  the 
CCIR  adopted  a  glossary  of  terms  and  definitions  [2]. 


oscillator  (environment,  power  siqiply,  etc.)  are  kept 
constanL*  Drift  is  defmed  as  "the  systematic  change  in 
frequency  with  time  of  an  oscillator."  Drift  is  due  to 
aging  plus  changes  in  the  environment  and  other  factors 
external  to  the  oscillator.  Aging  is  what  one  specifies  and 
what  one  measures  during  oscillator  evaluation.  Drift  is 
what  one  observes  in  an  application.  For  example,  the 
drift  of  an  oscillator  in  a  spacecraft  is  due  to  (the  algebraic 
sum  oO  aging  and  frequency  changes  due  to  radiation, 
temperature  changes  in  the  spacecraft,  and  power  supply 
clianges. 

The  CCIR  defmitions  of  aging  and  drift  are  now 
incorporated  into  the  military  specifications  for  crystal 
oscillators.  MIL-0-553 10  [1],  and  have  been 

recommended  by  the  IEEE  Standards  Coordinating 
Committee  27  on  Time  and  Frequency  for  inclusion  in  the 
next  edition  of  the  IEEE  Standard  Dictionary  of  Electrical 
and  Electronics  Terms. 

Random  changes  of  bequency  with  time,  called  short  term 
stability  (or,  more  correctly,  short  term  instability),  are 
characterized  in  the  time  domain  by  the  two-sample 
deviation  (also  called  the  square-root  of  the  Al'm 
variance),  and  in  the  frequency  domain  by  the  various 
measures  of  phase  noise,  as  defined  in  IEEE  Standard 
1139-1988  [3]. 

The  very  accurate  and  precise  measurement  of  frequency 
allows  the  observation  of  very  small  changes  in  a 
resonator.  It  is  generally  true  that  the  crystal  resonance 
frequency  is  a  more  sensitive  measure  of  the  state  of  the 
resonator  system  than  other  measurements  that  can  be 
miKle.  It  has  therefore  been  very  difficult  to  apply 
measurements  other  than  frequency  to  studies  of  the  nature 
of  the  aging  process,  particularly  for  low-aging  devices. 


According  to  this  glossary,  agi’^g  is  "the  systematic  change  Many  aging  measurements  have  been  reported,  but  few 

in  frequency  with  time  due  to  internal  changes  in  the  have  included  a  detailed  scientific  or  statistical  study  of 

oscillator."  Added  to  the  definition  is:  "Note  -  It  is  the  the  aging  processes.  Our  understanding  of  resonator  aging 
frequency  change  with  time  when  factors  external  to  the  processes  is  often  based  on  indirect  evidence  gained  from 
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other  fields  (such  as  material  science,  and  the  science  of 
solid  surfaces),  and  on  process  developments  that  seemed 
"sensible"  for  general  reasons,  and  which  were  followed 
by  an  evaluatior  of  the  resulting  aging.  For  high  aging 
rate  resonators,  advanced  surface  science  measurements 
seem  to  support  die  use  of  the  "sensible"  processes  by 
qualitatively  correlating  with  the  measured  aging. 

The  "sensible”  processes  generally  include  suitable  crystal 
surface  preparation,  high  level  of  cleanliness  during 
assembly  of  the  resonator,  reasonably  well  controlled 
crystal  mounting  and  processing,  and  hermetically  sealing 
the  resonator  into  a  clean  enclosure.  High  temperature 
in-process  baking  is  often  used  at  some  stage  of  resonator 
fabrication,  such  as  after  mounting,  or  before  final 
frequency  adjustment  or  sealing.  Sometimes  a  bum-in 
after  sealing  is  used  to  "preage"  the  resonator  before 
shipment,  and  to  test  for  processing  deviations. 

Precision  crystal  resonators  need  to  be  protected  from 
operating  system  environments  by  sealing  in  an 
appropriate  package.  Typically,  these  packages  have  been 
glass  or  metal.  For  these  glass  or  metal  packaged 
resonators  the  resulting  resonator  system  is  very  complex, 
in  different  ways.  Mechanical,  chemical,  and  electrical 
interactions  between  the  package,  the  enclosed  materials, 
and  the  resonator  all  can  cause  aging. 

In  a  crystal  oscillator,  in  addition  to  the  aging  of  the 
resonator,  aging  of  some  of  the  electrical  elements  (for 
example,  series  inductance  or  load  capacitance)  can  also 
change  the  oscillator’s  frequency.  Changes  in  the  shape 
and  configuration  of  the  metal  leads,  and  deformation  of 
circuit  boards  and  enclosures  can  also  produce  aging. 

Some  of  the  aging  of  crystal  filters  is  probably  associated 
with  the  aging  of  associated  electrical  elements. 
Otherwise,  crystal  filters  are  subject  to  the  same  aging 
processes  as  other  types  of  resonators. 

The  following  sections  of  this  paper  contain  discussions 
and  references  to  published  reports  on  the  topics  that  are 
relevant  to  our  understanding  of  the  aging  of  resonators, 
crystal  oscillators,  and  crystal  filters.  The  emphasis  is  on 
reviewing  aging  processes,  and  the  literature  since  1983. 
The  pre-1983  literature  was  reviewed  by  Geiber  [4). 

The  Impacts  of  Aging. 

In  most  device  applications,  the  frequency  of  the  oscillator 
must  remain  within  specified  limits  in  order  for  the  device 
to  operate  properly.  When  aging  shifts  the  frequency 


beyond  the  limits,  the  oscillator  must  be  recalibrated. 
Since  crystal  oscillators  have  a  finite  frequency  adjustment 
range,  oscillator  aging  can  cause  *end-of-life*  when  the 
aging  rate  is  so  high  that  it  produces  a  frequency  offset 
that  exceeds  the  frequency  adjustment  range.  (This  rarely 
h^^ns  in  properly  designed  oscillators.) 

Soon  after  an  oscillator’s  calibration,  the  frequency  offset 
due  to  aging  is  usually  small  compared  to  the  frequency 
offsets  due  to  environmental  (especially  temperature) 
changes,  however,  eventually,  the  frequency  offset  due  to 
aging  becomes  the  dominant  frequency  offset  For 
example,  a  state-of-the-art  oven  contrcdled  crystal 
oscillator  is  specified  to  have  a  frequency  vs.  temperature 
stability  of  1  X  10'^,  an  aging  rate  of  1  X  10'**^  per  day. 
and  a  frequency  adjustment  range  of  4  X  10'^.  Assuming 
a  worst-case  linear  aging  rale  at  the  specified  rate,  the 
frequency  offset  due  to  aging  will  equal  the  worst  case 
temperature  induced  offset  on  the  tenth  day  after 
calibration,  and  the  oscillator  will  no  longer  be  able  to  be 
calibrated  after  40(X)  days  (i.e.,  1 1  years). 

Similarly  in  clocks,  aging  eventually  becomes  the 
dominant  time  error  source.  Whereas  the  time  error  varies 
linearly  with  elapsed  time  due  to  the  relatively  constant 
clock  rate  errors  (i.e.,  frequency  offsets)  caused  by 
environmental  effects,  it  varies  as  elapsed  time  squared 
when  the  clock  error  is  due  to  (linear)  aging.  In  filter 
applications,  recalibration  is  usually  not  an  option.  Aging 
can  gradually  degrade  performance  until  an  end-of-life 
frequency  shift  is  reach^. 

Aging  Characteristics. 

Aging  can  be  positive  or  negative.  Occasionally,  a 
reversal  in  aging  direction  is  observed.  Typical  (computer 
simulated)  aging  behaviors  are  illustrated  in  Fig.  1.  The 
curve  showing  the  reversal  is  the  sum  of  the  other  two 
curves.  So  far,  the  simplest  proposed  aging  model 
showing  a  reversal  consists  of  two  simultaneously  acting 
aging  mechanisms,  as  shown  in  Fig.  1. 

The  aging  rate  of  an  oscillator  is  highest  when  it  is  fust 
turned  on.  Since  the  aging  rate  during  the  first  few  days 
to  weeks  is  generally  significantly  higher  than  during 
subsequent  intervals,  the  fust  part  of  the  aging  curve  is 
sometimes  referred  to  as  "initial  aging”  or  "stabilization 
period."  At  a  constant  temperature,  aging  usually  has  an 
approximately  logarithmic  dependence  on  time.  When  the 
temperature  of  a  crystal  unit  is  changed,  e.g.,  when  an 
OCXO  is  turned  off,  and  turned  on  at  a  later  time,  a  new 
aging  cycle  may  start,  as  illustrated  in  Fig.  2. 
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for  precision  crystal  units  and  crystal  oscillators, 
respectively,  and  in  a  piq)er  by  Filler  [6]. 


Figure  1  -  Typical  Aging  Behaviors. 
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Figure  2  -  Typical  Aging  Behavior.  Including  an 
Interruption  (frequency  change  in  parts  in  10^  vs.  time  in 
days). 


The  aging  rates  of  typical  commercially  available  crystal 
oscillators  (in  1991)  range  from  5  to  10  ppm  per  year  for 
an  inexpensive  clock  oscillator,  to  0.5  to  2  ppm  per  year 
for  a  TCXO,  to  0.05  to  0.1  ppm  per  year  for  an  OCXO. 
The  highest  precision  OCXOs  can  age  less  than  0.01  ppm 
per  year. 

Aging  Specifications. 

Aging  is  expressed  either  as  a  normalized  frequency 
change  per  unit  time  after  a  specified  time  period,  where 
the  unit  of  time  is  usually  a  day,  or  as  a  total  normalized 
frequency  change  over  a  specified  time  period.  It  is 
necessary  to  specify  a  period  because  aging  can  be  highly 
nonlinear,  especially  when  a  unit  is  newly  fabricated  or  is 
fust  himed  on.  Examples  of  aging  specifications  are:  1) 
"5  X  10'*®  per  day  7  days  after  tum-on"  for  an  oven 
controlled  crystal  oscillator  (OCXO),  2)  "1  ppm  per  year” 
for  a  temperature  compensated  crystal  oscillator  (TCXO), 
and  3)  "1  ppm  to  end  of  20  year  life"  for  a  filter.  For 
non-temperature  controlled  devices,  the  temperature  at 
which  the  aging  test  is  to  be  performed  should  also  be 
specified.  Guidance  for  specifying  aging  can  be  found  in 
MIL-C-49468  [5]  and  MIL-0-553 10  [1],  the  "mil-specs" 


Aging  Meciianisms. 

The  primary  causes  of  crystal  oscillator  aging  are  mass 
transfer  to  or  from  the  resonator’s  surfaces  due  to 
adsc»ption  or  desorption  of  contamination,  stress  relief  in 
the  mounting  structure  of  the  crystal,  changes  in  the 
electrodes,  package  leaks,  and  changes  in  the  quartz 
material. 

Contamination  Transfer  Effects:  Adsorption.  Desorption. 
Oxidation  and  Permeation. 

Because  the  frequency  of  a  thickness  shear  crystal  unit, 
such  as  an  AT-cut  or  SC-cut  unit,  is  inversely  proportional 
to  the  thickness  of  the  crystal  plate,  and  because,  for 
example,  a  typical  5-MHz  3rd  overtone  plate  is  on  the 
order  of  1  million  atomic  layers  thick,  the  adsorption  or 
desorption  of  contamination  equivalent  to  the  mass  of  one 
atomic  layer  of  quartz  changes  the  frequency  by  about  1 
ppm.  In  general,  if  contamination  equal  in  mass  to  1  1/2 
monolayers  of  quartz  is  adsorbed  or  desorbed  from  the 
surfaces,  then  the  frequency  change  in  parts  per  million  is 
equal  to  the  resonator's  frequency  in  megahertz.  In  order 
to  achieve  low-aging,  crystal  units  must  be  fabricated  and 
hermetically  sealed  in  ultraclean,  ultrahigh  vacuum 
environments,  and  into  packages  that  are  capable  of 
maintaining  the  clean  environment  for  long  periods. 

Fig.  3  shows  some  data  on  the  oxidation  of  pure  nickel  in 
76  toa  of  oxygen  at  400  “C,  450  °C  and  500  ®C. 
Landsberg  [7]  reviewed  and  summarized  a  considerable 
amount  of  the  type  of  data  plotted  in  Fig.  3.  Besides 
oxidation,  data  on  adsorption  and  desorption  of  many 
types  of  gases  on  many  types  of  solid  surfaces  were 
reviewed.  For  most  of  the  reviewed  work,  the  rates  of 
adsorption,  desorption  and  oxidation  depended  on  the 
logarithm  of  the  time.  Some  of  the  parameters  of  the  log¬ 
time  model  depended  strongly  on  the  tmiperature.  In 
studies  of  the  low  temperature  (i.e.,  <  400°C)  oxidation  of 
metal  films,  logarithmic  kinetics  are  usually  observed  [8]. 
A  molecular  model  of  these  processes  can  produce  the 
observed  log-time  dependence  [7].  It  ’  as  also  pointed  out 
that  the  rates  of  some  particular  systems  of  this  type  may 
not  depend  on  log-time. 

The  adsorption  and  desorption  of  contamination  is 
primarily  a  function  of  the  nature  of  the  contaminant,  the 
nature  of  the  adsorbing  surface,  and  the  temperature. 
Included  in  "the  nature  of  the  adsorbing  surface"  is  the 


crystallographic  nature.  For  example,  the  adsorption 
properties  of  an  AT-cut  surface  are  likely  to  be  different 
from  that  of  an  SC-  or  other  cut. 
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Figure  3  -  The  Oxidation  of  Nickel  vs.  Time. 

Leaks  into  the  enclosure,  either  due  to  a  faulty  hermetic 
seal  or  to  permeation  through  the  enclosure  walls,  and 
outgassing  of  adsorbed  and  dissolved  gases  can  also  result 
in  aging.  Even  when  the  hermetic  seal  is  perfect,  gases 
can  permeate  through  the  enclosure  walls  [9,10].  Since 
most  materials  used  in  vacuum  and  resonator  technology 
exhibit  some  degree  of  permeability  to  gases,  maintaining 
low  pressure  levels  inside  the  enclosure  requires 
consideration  of  the  permeation  characteristics  of  the 
enclosure.  Hydrogen  and  helium  are  notorious  for  their 
permeation  through  metals  and  glasses,  respectively.  Even 
if  the  permeating  gases  do  not  adsorb  onto  the  resonator, 
if  a  significant  pressure  increase  occurs,  the  frequency  will 
change  due  to  the  changing  hydrostatic  pressure  in  the 
enclosure  [11,12].  When  a  significant  amount  of  gas  leaks 
into  a  vacuum  sealed  resonator,  aging  can  be  caused  by 
electrical  and  mechanical  effects  caused  by  changes  in  the 
package  shape  (sometimes  called  "oil  canning,"  when  the 
package  changes  with  atmospheric  pressure  changes). 
Epoxy  packages  or  seals  that  have  been  occasionally  used 
in  inexpensive  resonators  are  especially  susceptible  to 
moisture  permeation. 

That  high  amounts  of  hydrogen  permeation  can  produce 
aging  has  been  demonstrated  [13].  A  S-MHz  fundamental 


mode  resonator,  which  had  copper  electrodes,  was 
hermetically  sealed,  in  high  vacuum,  in  a  nickel  HC-6 
enclosure.  After  the  aging  of  this  resonator  stabilized,  it 
was  immersed  in  one  atmosphere  of  hydrogen  and  the 
aging  measurements  were  continued.  Three  weeks  after 
immersion,  the  aging  had  increased  30-fold,  to  about  3  X 
10'^  per  day.  After  the  aging  stabilized  at  this  higher  rate, 
the  hydrogen  was  removed.  Eight  weeks  later,  the  aging 
rate  stabilized  at  a  lower  rate,  but  six  months  after 
removal  of  the  hydrogen,  the  rate  was  still  about  five 
times  higher  than  what  it  was  prior  to  hydrogen  exposure. 

Electrode  Effects. 

Thin  films  of  Au,  Ag,  A1  and  Cu  are  commonly  used  as 
electrodes  on  crystal  resonators.  The  stresses  in  these 
films  depend  on  the  film  material  and  thickness,  and  other 
factors.  It  has  been  shown  [  14]  that  the  film  stresses  relax 
with  a  time  constant  of  a  few  hours.  (The  temperature  at 
which  the  relaxation  was  measured  is  not  staled  explicitly 
in  this  reference,  but  is  implied  to  have  been  at  room 
temperature.  The  film  thicknesses  were  l(X)nm.) 

The  film  stresses  also  depend  strongly  on  the  substrate 
material  and  crystallinity  (amorphous,  crystal  surface 
orientation,  etc.),  on  the  substrate  cleanliness,  temperature, 
and  chemical  state,  the  gases  present  in  the  space  around 
the  substrate  during  the  deposition  process,  the  purity  of 
the  film  material,  the  deposition  rate,  and  on  the 
deposition  process  (evaporation,  sputtering,  etc.)  [15-20]. 
In  some  fdms,  for  example,  the  stress  can  be  varied  ftom 
tensile  to  compressive  just  by  varying  the  background 
pressure  in  the  vacuum  system  during  deposition  [21-23]. 

Numerous  studies  have  shown  that  the  properties  of  thin 
films  change  with  time  subsequent  to  deposition  [24-33]. 
The  stability  of  the  film  depends  on  the  deposition 
conditions,  especially  the  substrate  temperature,  and 
deposition  rate  (lower  deposition  rates  under  clean 
conditions  usually  result  in  fewer  defects),  and  on  the 
temperatures  subsequent  to  deposition.  For  example,  the 
resistivity  changes  in  700A  to  1650A  gold  films  deposited 
onto  glass  microscope  slides  were  found  to  depend 
strongly  on  the  substrate  temperature  [33].  When  the 
films  were  deposited  at  46°C,  significant  decreases  (up  to 
8.5%)  were  observed  during  resistivity  measurements,  at 
room  temperature,  between  the  fifth  hour  and  the  first  few 
weeks  after  deposition.  When  the  substrate  temperature 
was  112°C  during  deposition,  which  is  near  the 
recrystallization  temperature  of  124°C  for  gold  films,  the 
resistivity  decreases  were  much  smaller  (0.8  to  1.5%). 
Films,  in  general,  will  tend  to  be  more  stable  if  the 


substrate  temperature  during  deposition  is  above  the 
recrystaliization  temperature  of  the  film  material. 
Deposition  at  an  elevated  substrate  temperature  has  a 
considerably  greater  stabilization  effect  than  deposition 
without  substrate  heating  followed  by  annealing  at  a  later 
time.  The  reasons  are  that  diffusion  rates  are  higher  at 
elevated  temperatures,  and  surface  diffusion  is  much  faster 
than  bulk  diffusion,  therefore,  the  surface  atoms  have 
more  opportunity  to  anneal  (i.e.,  move  to  low  energy  sites) 
before  they  become  buried.  Similarly,  a  low  deposition 
rate  (under  clean  conditions)  results  in  a  more  stable  film 
than  a  high  rate.  At  very  high  rates,  the  surface  atoms  do 
not  have  a  chance  to  anneal  before  they  are  buried.  High 
substrate  temperatures  also  contribute  to  minimizing 
adsorbed  contaminants  on  the  substrate  and  in  the 
deposited  film.  If  the  deposition  conditions  are  not  clean, 
then  a  slow  deposition  rate  may  result  in  a  less  stable  film 
due  to  incorporation  of  contaminants  into  the  film. 

The  contribution  of  electrode  stress  relief  to  aging  depends 
on  resonator  type.  SC-cut  [34]  and  eicctrodeless  (e.g., 
B  VA-type  (35,36))  resonators  are  insensitive  to  such  stress 
relief.  For  other  types  of  resonators,  electrode  stress  relief 
can  be  a  contributor,  especially  to  initial  aging. 

Other  types  of  changes  in  the  electrodes  include  diffusion 
effects  and  chemical  reaction  effects.  For  example,  when 
an  adhesion  layer  (such  as  Cr)  is  used  under  a  weakly 
adhering  film  (such  as  Au),  the  two  layers  can  gradually 
interdiffuse  (37,38).  Chemical  reactions  can  occur 
between  the  electrode  and  the  quartz  surface  (16),  and 
between  the  electrode  and  the  gaseous  contaminants  in  the 
resonator  enclosure.  Some  metals  react  chemically  with 
a  quartz  surface.  When  the  heat  of  oxide  formation  is 
higher  for  the  metal  oxide  than  for  Si02,  the  metal  can 
reduce  the  Si02  to  form  the  metal  oxide  and  produce  free 
silicon  at  the  interface.  The  heat  of  oxide  formation  of  a- 
quartz  is  -201.34  kcal/mol  (=  8.73  eV),  whereas  Al203’s 
is  -399  kcal/mol  and  Cr203*s  is  -270  kcal/mol.  Therefore, 
A1  and  Cr,  two  commonly  used  materials  in  resonator 
fabrication,  adhere  strongly  to  quartz  by  forming  metal 
oxides  at  the  metal-quartz  interfaces.  The  formation  of 
AI2O3  and  free  Si  at  the  Si02-Al  interface  has  been 
demonstrated  experimentally  (39,40).  Reactions  between 
oxide  forming  metals  and  the  OH  on  quartz  surfaces  also 
occur. 

The  properties  of  thin  films  can  change  with  time,  e.g.,  the 
properties  of  an  A1  film  and  of  the  interface  between  A1 
and  Si02  change  with  time  (41,42).  The  changes  can  be 
enhanced  by  temperature,  temperature  cycling,  and  the 
presence  of  an  electric  field.  These  changes  can  result  in 


resonator  aging. 

Highly  reactive  metals  such  as  A1  or  Cr  are  not  the 
preferred  electrode  materials  for  low-aging  quartz 
resonators  because  thin  films  of  such  metals  produce  aging 
due  to:  1)  changes  at  the  metal-quartz  interfaces,  2) 
gettering  of  oxygen  and  other  residual  gases  inside  the 
enclosure,  3)  changes  at  high  strain  gradients  that  exist  at 
electrode  edges  (43),  and  4)  changes  in  the  high  strains 
that  result  from  temperature  cycling  due  to  the  strong 
adhesion  and  thermal  expansion  coefficient  difl^erences 
between  the  metal  film  and  the  quartz.  Liquid  (44)  and 
plasma  (45)  anodization  have  been  used  in  attempts  to 
minimize  aging  due  to  oxide  growth  on  the  electrodes. 

Gold  has  been  the  preferred  electrode  material  in  the 
fabrication  of  low-aging  resonators.  The  reasons  for  this 
are  that:  1)  gold  is  not  highly  reactive,  it  does  not  form 
an  oxide  under  normal  conditions  (clean  gold  will  getter 
organic  contaminants  from  the  air  (46),  however,  such 
contaminants  can  be  readily  removed  by  UV/ozone 
cleaning  (47));  2)  gold  adheres  weakly  to  quartz,  the 
adhesion  is  strong  enough  for  the  electrodes  not  to  be 
detached  by  a  36,000  g  shock  of  12  millisecond  duration 
(48)  but  is  weak  enough  not  to  support  strain  gradients 
that  would  show  up  on  X-ray  topographs  (Cr,  A1  and  Ni 
films  produce  strain  in  the  quartz  that  can  be  readily  seen 
in  X-ray  topographs)  (43);  and  3)  the  stresses  in  pure  gold 
films  anneal  rapidly  (14).  These  properties  are  probably 
the  reason  for  the  fact  that  the  aging  of  the  best  long  term 
aging  AT-cut  resonators  with  gold  electrodes  is  about  the 
same  as  that  of  the  best  SC-cut  and  BVA  resonators,  i.e., 
a  few  parts  in  lO'^  per  day.  That  the  initial  aging  of  the 
best  SC<ut  resonators  is  better  than  that  of  the  best  AT- 
cuts  (49,50)  is  probably  due  to  the  superior  insensitivity  of 
the  SC-cut  to  some  important  types  of  stresses,  such  as  the 
stresses  due  to  the  electrodes. 

It  is  also  possible  to  make  low-aging  resonators  with 
copper  electrodes  (51),  however,  in  one  unpublished  study 
(52),  although  copper  plated  resonators  exhibited  low 
initial  aging,  the  long  term  aging  was  poorer  than  that  of 
similarly  fabricated  resonators  with  gold  electrodes. 

It  is  well  known  that,  under  the  influences  of  high 
temperatures  and  high  electric  fields,  electrode  materials 
such  as  gold  and  silver  will  diffuse  into  the  dislocations  in 
quartz  (53],  Although  diffusion  of  gold  and  other 
electrodes  into  the  quartz  has  been  reported  in  high- 
temperature  processed  resonators  (54,55),  it  is  unlikely 
that  such  diffusion  occurs  at  normal  processing  and 
operating  temperatures  without  the  presence  of  an  electric 


81 


field.  If  such  diffusion  did  occur,  then  the  adhesion  of. 
for  example,  gold  on  quartz  would  improve  as  the 
resonator  ages.  Such  improved  adhesion  has  not  been 
observed.  When  five  high  precision  glass  enclosed 
resonators  with  gold  electrodes,  which  had  been  fabricated 
18  years  earlier,  were  tested,  it  was  found  that  the  gold 
electrodes  could  be  readily  removed  with  the  "Scotch-tape 
test”  Even  the  weakly  adhering  "3M  Post-it  Self-Stick 
Removable  Notes”  readily  removed  these  gold  electrodes 
[36].  After  removal  of  the  electrodes,  with  either  method, 
a  narrow  strip  of  very  thin  gold  that  outlines  the  perimeter 
of  where  the  electrons  had  been,  remained  (the  strip  can 
be  scratched  off  with  tweezers).  This  strip  appears  to  be 
the  "shadowing”  that  occurs  when  an  evaporation  mask  is 
a  finite  distance  riom  the  quartz  plate.  The  reason  for  the 
stronger  adhesion  of  the  strip  is  under  investigation.  A 
preliminary  analysis  of  the  quartz  that  had  been  under  the 
center  portion  of  the  electrodes  did  not  indicate  the 
presence  of  any  gold  in  the  quartz.  The  analysis  was 
performed  using  SIMS  (secondary  ion  mass  spectroscopy). 

It  has  been  shown  that  a  DC  voltage  between  the 
electrodes  of  a  resonator  can  dramatically  increase  the 
initial  aging,  presumably  because  of  electric  field  driven 
diffusion  of  impurities  and  electrodes  [57].  Although 
oscillator  designers  often  design  circuits  which  (sometimes 
inadvertently)  place  a  small  DC  voltage  across  the 
electrodes,  one  can  readily  minimize  the  DC  voltage, 
without  lowering  the  effective  Q  of  the  resonator,  by 
placing  a  capacitor  in  series  and  a  few  megohm  resistor  in 
parallel  with  the  resonator  [57]. 


crystal  wafer  by  the  mounting  clips  and  bonding  materials 
are  difficult  to  control  and  probably  change  (i.e.,  relax) 
with  time,  resonator  aging  will  depend,  to  some  extent,  on 
the  mounts’  type,  material,  and  location,  on  the  crystal 
orientation,  and  on  departures  from  the  design  in  real 
resonators.  When  the  bonding  process  is  carried  out  at 
high  temperatures,  the  structure  is  likely  to  in 
equilibrium  at  a  temperature  higher  than  the  normal 
operating  temperatures  of  the  resonator.  In  this  case, 
mismatches  in  the  thermal  expansion  coefficients  of  the 
various  materials  in  the  structure  will  cause  stress-induced 
frequency  shifts.  When  these  stresses  change  with  time, 
aging  can  result  Bonding  materials,  such  as  silver-filled 
epoxies  and  polyimides,  change  dimensions  upon  curing. 
This  results  in  further  stress  changes.  The  clip  forming 
and  welding  operations  produce  residual  stre.sses  which  are 
also  subject  to  stress  relief. 

X-ray  topographs  can  be  used  to  demonstrate  the  strains 
caused  by  a  particular  mounting  clip  structure  [60,61].  If 
the  strains  change  with  time,  aging  can  result.  Radial  and 
tangential  thermal  coefficients  of  linear  expansion  for  AT- 
cut  quartz  wafers  depend  on  direction.  Thermal  expansion 
coefficient  differences  between  the  crystal  plate  and  the 
mounting  structure  (including  the  enclosure  base)  usually 
result  not  only  in  radial  stresses  on  the  crystal  plate,  but 
also  tangential  (i.e..  torsional)  stresses.  Resonator 
structure  designs  must  account  for  the  differences  in 
thermal  expansion  coefficients  between  the  various  parts 
of  the  resonator  assembly  to  minimize  temperature 
dependent  stresses  applied  to  the  resonator. 


Surface  catalytic  reactions  at  silver  electrode  surfaces, 
accompanied  by  the  emission  of  silver  atoms,  have  also 
been  reported  to  be  an  aging  mechanism  in  silver-plated 
resonators  [58]. 

Powerful  tools  to  determine  the  possible  aging 
contributions  of  stresses  in  films  associated  with  particular 
film  fabrication  technologies  are  the  form,  values,  and 
temperature  dependence  of  the  stress  relaxation  process. 
Since  these  parameters  of  the  films  are  not  too  difficult  to 
measure  directly  on  actual  resonator  materials,  it  is 
surprising  th^  very  few  results  of  this  type  have  been 
reported  for  resonator  fabrication  technologies  in  current 
use.  Powerful  surface  analytical  tools  for  detecting 
diffusion  and  chemical  reaction  effects  are  also  available. 

Strain/Stress  in  the  Resonator. 

Radial  forces  applied  at  the  perimeter  of  AT  and  SC  plates 
shift  the  frequency  [59].  Since  the  forces  applied  to  the 


Since  stresses  are  inevitable,  the  materials  used  in  the 
mounting  structure  of  low-aging  resonators  should  anneal 
either  very  rapidly,  or  very  slowly,  i.e..  be  either  perfectly 
soft  or  perfectly  elastic.  Materials  which  anneal  very 
rapidly  are  usually  not  a  viable  option  because  such 
materials  generally  result  in  unacceptable  behavior  under 
shock  and  vibration.  Mounting  structures  that  are  nearly 
stress-free  have  been  developed  [35,62]. 

The  slow  and  progressive  deformation  of  a  material  under 
constant  stress  is  called  creep.  Creep  is  observed  in 
metals,  glasses,  polymers,  and  even  in  single  crystals. 
Metals  usually  exhibit  creep  at  a  temperature  greater  than 
0.4  T^,  where  T^,  is  the  metal’s  melting  point  in  degrees 
Kelvin  [63,64).  The  rate  of  creep,  ejspecially  in 
amorphous  materials,  and  organic  materials  such  as  the 
epoxies  commonly  used  for  bonding  crystals,  is  highly 
sensitive  to  temperature.  Numerous  alloys  have  been 
developed  for  high  resistance  to  stress  relief,  for  electrical 
connector  and  other  spring  applications.  Mounting  clips 
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made  of  such  alloys  can  serve  to  minimize  aging  due  to 
stress  relief  in  the  mounting  structure,  as  can  designs  that 
use  carefully  oriented  quartz  for  mounting  [35],  and  for 
the  enclosure  [65]. 

The  amount  of  aging  produced  by  a  given  amount  of 
stress  relief  is  a  function  of  the  orientation  of  the 
mounting  clips  with  respect  to  the  crystallographic  axes  of 
the  quartz  plate,  and  the  types  of  stresses  [59].  For  in¬ 
plane  diametric  forces,  the  force-frequency  coefficient 
vs.  azimuth  angle  y  has  been  found  to  have  zeroes  for  all 
the  commonly  used  cuts,  such  as  the  AT-  and  SC-cuts 
[59].  Therefore,  one  might  conclude  that  aging  due  to 
stress  relief  in  the  mounting  clips  ':an  be  eliminated  by 
mounting  the  crystals  where  =  0.  Unfortunately,  it  is 
difficult  to  completely  eliminate  aging  due  to  stress  relief 
in  the  mounting  structure  because:  1)  the  azimuthal  angles 
where  Kf  =  0  are  functions  of  temperature  [66],  so  that  the 
mounting  point  orientations  would  have  to  be  different  for 
resonators  of  different  turnover  temperatures,  2)  the  y 
where  the  effects  of  bonding  stresses  are  zero  is  different 
from  the  y  where  the  Kf  =  0,  at  least  for  the  AT-cut,  the 
only  cut  for  which  bonding  stress  effects  have  been 
reported  [67],  and  3)  the  forces  due  to  mounting  clips  are 
generally  not  purely  in-plane  diametric  forces.  This  is 
especially  true  for  three  and  four-point  mounted  resonators 
because,  since  the  thermal  expansion  coefficient  of  quartz 
is  highly  anisotropic  whereas  that  of  the  typical  package 
base  is  isotropic,  the  forces  due  to  thermal  expansion 
coefficient  mismatches  will  have  tangential  components. 
In  two-point  mounted  resonators  also,  the  base’s  thermal 
expansion  applies  torsional-type  forces  in  addition  to  the 
in-plane  diametric  forces. 


resonator  surface.  Another  conceivable  aging  mechanism 
is  the  diffusion  of  impurities  in  the  quartz  to  dislocations 
and  surfaces. 

The  rate  of  a  simple  diffusion-controlled  process  in  an 
isotropic  medium  is  given  by  [69] 

Rate  ■  -D  ♦  concentration  gradient, 
where  D,  the  diffusion  constant,  is 

n  - 

Afdj  ~  <fj)/ 

m  is  the  mass  of  the  diffusing  material,  h  is  the  thickness 
of  the  slab  in  which  the  diffusion  is  occurring.  A  is  the 
area  participating  in  the  diffusion,  and  dj  and  d|  are  the 
concentrations  (mass  per  unit  volume)  of  the  diffusing 
material  on  the  two  sides  of  the  slab  [69,70]. 

Table  I  shows  difl'usion  constants  at  room  temperature  for 
some  metals  commonly  used  as  electrodes  or  attachments 
in  resonators  [70]; 


Table  I 


Metal  System 

A1  into  Cu 
Au  into  Cu 
Cu  into  Ag 
Ni  into  Cu 
Pd  into  Cu 


D  (cmVsec) 

1.75  X  10'^ 

4  to  16  X  10-2 
5.95  X  10  * 

6.5  X  10  * 

1.6  X  10^ 


Even  when  the  mounting  stresses  are  made  negligible,  the 
bonding  stresses  alone  can  cause  significant  frequency 
shifts,  which,  upon  annealing,  can  cause  aging  [67].  The 
temperature  coefficient  of  frequency  will  also  change  with 
large  changes  in  stress.  In  these  cases,  measuring 
temperature  coefficients  along  with  the  aging  can  be  used 
to  determine  whether  or  not  stress  relief  is  a  significant 
aging  mechanism. 

Diffusion  Effects. 


This  short  table  shows  that  diffusion  rates  of  potential 
interest  to  crystal  suppliers  vary  by  orders  of  magnitude 
depending  on  the  metals  involved  in  the  diffusion. 

The  movements  of  point  defects  in  the  quartz  lattice  have 
energies  and  activation  energies  of  0.03  eV  to  0.154  eV 
[71].  Although  these  activation  energies  are  similar  in 
magnitude  to  observed  aging  activation  energies  [72],  the 
validity  of  a  direct  comparison  has  not  yet  been 
established. 


Although  it  is  likely  that  diffusion  processes  cause  aging 
in  resonators,  very  few  authors  have  reported  analyses  of 
aging  in  terms  of  diffusion  [4,68].  Solid-solid  diffusion 
processes  can  occur  between  the  electrodes  and  the  quartz, 
within  the  quartz  itself,  and  in  the  mounting  and  electrical 
attachments;  gas-solid  diffusion  processes  can  be  rate 
determining  steps  for  some  processes  occurring  at  the 


Diffusion  processes  often  have  an  approximately  power 
dependence  on  time,  with  the  power  being  about  0.5  [72]. 
For  some  diffusion  configurations,  the  diffusion  rate 
equation  also  contains  an  exponential  time  factor  [72]. 

Diffusion  rates  are  usually  thermally  activated,  wi'h  an 
Arrhenius  dependence  on  temperature  [10,73].  The 


83 


activation  energy  for  Cu  into  A1  (33.9  kcal/mole)  seems 
higher  than  most  reported  aging  activation  energies  [72]. 
However,  the  activation  energy  for  grain  boundary 
diffusion  of  Ag  into  Ag  is  21.S  kcal/mole,  which  is  not 
much  higher  than  the  reported  aging  activation  energies 
[72,73]. 

Changes  in  the  Quartz. 

Changes  in  the  quartz  due  to  stresses  or  other  causes  could 
lead  to  aging,  although  no  reports  of  such  changes  (at 
normal  temperatures  and  pressures)  could  be  found  in  the 
literature.  Perfect  quartz  would  not  be  expected  to  change 
with  time  (by  deHnition).  The  imperfections  that  are 
subject  to  change  include  surface  and  point  defects, 
dislocations,  impurities,  inclusions,  and  twins.  Surface 
defects,  such  as  the  microcracks  produced  by  lapping,  can 
change  with  time,  however,  by  properly  etching  the 
surfaces  subsequent  to  mechanical  treatment  [74],  the 
possibility  of  changes  can  be  greatly  reduced. 

It  is  unlikely  that  dislocation  motion  due  to  stresses  is  a 
factor  in  aging  at  typical  operating  temperatures,  although 
dislocation  motion  can  occur  at  high  temperatures  and 
pressures  [75].  Even  in  sweeping  experiments  [76]  which 
are  usually  conducted  far  above  the  normal  operating 
temperatures  of  oscillators,  no  evidence  of  dislocation 
motion  has  been  reported.  The  energy  needed  to  anneal 
quartz  damage  due  to  neutron  irradiation  may  be  a  clue  to 
the  energies  needed  to  move  dislocations.  When  quartz  is 
irradiated  with  fast  neutrons,  displacement  damage  occurs. 
At  high  doses,  the  quartz  gradually  becomes  disordered 
into  an  amorphous  form.  Annealing  studies  on  neutron- 
damaged  quartz  indicate  that  the  annealing  temperature  of 
quartz  is  above  the  inversion  temperature  [77,78].  The 
activation  energy  for  structure  annealing  is  0.75  eV. 

The  outgassing  of  quartz  is  another  possible  aging 
mechanism,  the  magnitude  of  which  is  unknown. 
Although  a  large  amount  of  information  is  available  on  the 
outgassing  characteristics  of  vitreous  Si02  [9,10],  no 
reports  on  the  outgassing  charactei  istics  of  a-quartz  were 
found.  Presumably,  since  all  materials  outgas  to  some 
extent,  a-quartz  does  too.  Another  unknown  is  the  extent 
to  which  impurities  in  the  quartz  diffuse  to  dislocations 
and  surfaces  at  normal  operating  temperatures.  Quartz  is 
known  to  contain  impurities  that  are  subject  to  diffusion 
[79].  The  impurity  that  is  present  in  highest 
concentrations  is  hydrogen.  Natural  and  cultured  quartz 
both  contain  hydrogen,  in  amounts  ranging  from  200  ppm 
to  25(X)  ppm  relative  to  Si  (3  ppm  to  42  ppm  by  weight). 


Circuit  Agine  and  Other  Electrical  Aging. 

The  oscillator  circuit  includes  electrical  elements  that  are 
subject  to  change.  These  elements  determine  some 
important  operating  factors,  such  as  resonator  load 
reactance,  dc  bias,  and  drive  level.  Changes  in  these 
electrical  elements  and  factors  cause  oscillator  aging. 
Stray  reactance  changes  due  to  movements  of  the 
electrical  leads  and  the  gradual  deformation  of  circuit 
boards  and  enclosure  walls  also  produce  frequency 
changes.  For  example,  in  a  22-MHz  fundamental  mode 
AT-cut  resonator,  a  lead  length  change  of  0.(X)5  mm 
results  in  a  frequency  change  of  1  X  10'^  [6],  and  a  load 
capacitance  aging  of  1  ppm  per  day  causes  oscillator  aging 
of  parts  in  lO'*^  per  day.  Capacitors  can  age  due  to  the 
effects  of  humidity  and  temperature;  e.g.,  humidity  can 
change  the  dielectric  constants  and  loss  factors  of 
capacitors  and  circuit  boards.  Inductors  are  notorious  for 
their  instabilities;  e.g.,  the  windings  of  inductors  can 
stretch  and  move,  especially  during  temperature  changes. 
In  one  study  [80],  capacitors  of  various  types  aged  3 
ppm/day  to  70  ppnv'day,  and  a  2  pH  coil  custom  wound 
on  a  phenolic  form  (for  high  stability)  aged  2  ppm/day. 
Amplifiers  and  varactors  can  also  change  with  time. 
Drive  level  changes  can  result  in  frequency  changes  on  the 
order  of  lO  ’  per  ma^  [81].  Significant  improvements  in 
medium  and  long  term  stability  can  often  be  obtained  by 
hermetically  sealing  the  oscillator  to  minimize  the 
frequency  instabilities  due  to  changes  in  humidity  and 
atmospheric  pressure  [82,83]. 

As  was  previously  noted  in  the  "Electrode  Effects" 
section,  a  DC  voltage  between  the  electrodes  of  a 
resonator  can  dramatically  increase  the  initial  aging  of  a 
resonator,  presumably  because  of  electric  field  driven 
diffusion  of  impurities  and  electrodes.  Oscillator  designer^) 
often  design  circuits  which  (sometimes  inadvertently) 
place  a  small  E>C  voltage  across  the  electrodes.  When 
high  stability  TCXOs  from  several  manufacturers  were 
examined,  E>C  voltages  ranging  from  a  fraction  of  a  volt 
to  about  4  volts  were  found.  The  DC  voltage  effect  can 
be  easily  minimized,  without  a  significant  lowering  of  the 
resonator’s  effective  Q,  by  placing  a  capacitor  in  scries 
and  a  few  megohm  resistor  in  parallel  with  the  resonator 
[57]. 

DC  voltages  can  also  result  from  static  charges  generated 
during  fabrication.  Static  charges  can  result  in  high  (>  1 
kV)  voltages.  Since  the  surface  resistivity  of  clean  quartz 
is  high,  the  "static"  charges  can  take  a  long  time  to  decay. 
This  can  lead  to  (initial)  aging,  especially  in  doubly 
rotated  crystals,  such  as  SC-cuts,  which  can  have 
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sensitivities  of  parts  in  10  ^  per  volt.  Well-known  static 
("ESD")  control  measures  can  be  used  to  minimize  this 
problem. 

In  OeXOs,  aging  of  the  temperature  control  circuitry  can 
change  the  set  point  of  the  oven,  resulting  in  aging.  The 
amount  of  aging  for  a  given  set  point  change  depends  on 
the  frequency  vs.  temperature  characteristic  of  the 
resonator,  and  will,  in  general,  be  much  smaller  for  a 
typical  SC-cut  OCXO  than  for  an  AT-cut  one  [84]. 

Temperature  and  Temperature-Cycling  Dependence  of 
Aging. 

Although  most  of  the  known  aging  mechanisms  are 
thermally  activated,  the  expected  strong  temperature 
dependence  of  aging  rates  has  not  been  observed  in  many 
medium  stability  and  high  stability  resonators.  For 
example,  in  one  study  of  eight  AT-cut  resonator  types, 
from  several  manufacturers,  the  resonators  were  aged  at 
room  temperature,  85°C  and  120°C.  No  systematic  aging 
rate  variations  with  temperature  were  found  (85).  The 
resonators  did  not  always  exhibit  a  higher  aging  rate  at 
elevated  temperatures;  some  even  aged  at  a  lower  rate  at 
the  elevated  temperatures.  The  resonators  ranged  from 
14.4-MHz  fundamental  mode  to  70-MHz  third  overtone. 

In  another  study,  groups  of  resonators  were  aged  at  50°C, 
bC’C  and  70®C.  It  was  found  that,  although  the  aging 
improved  for  many  resonators  when  the  temperature  was 
lower,  the  low-aging  rate  resonators  did  not  change  their 
aging  characteristics  notably  when  the  temperature  was 
lowered  (86). 

When  groups  of  low  and  medium  stability  resonators  were 
aged  at  various  temperatures  ranging  from  25°C  to  I00®C, 
the  aging  rates  were  found  to  increase  with  increasing 
temperatures  (87).  The  increases  varied  with  crystal  type. 
A  conclusion  the  authors  draw  concerning  aging  prediction 
is  "that  such  prognosis  will  be  sufficiently  reliable  only 
when  the  crystal  unit  will  operate  under  more  or  less 
identical  conditions  during  all  its  service  life.  If  the 
ambient  temperature  or  drive  level  changes,  even  the  sign 
of  frequency  aging  may  change."  In  some  earlier  studies 
on  precision  2.5-MHz  5th  overtone  AT-cut  resonators 
[88],  and  550-kHz  wire  mounted  DT-cut  resonators  [89), 
an  increase  in  aging  temperature  increased  the  aging  rates. 

The  aging  of  groups  of  six  high  precision  SC-cut 
resonators  and  two  high  precision  AT-cut  resonators  were 
measured  successively  at  the  lower  turnover  point  (LTP) 
and  upper  turnover  point  (UTP)  temperatures.  The  UTP 


to  LTP  differences  ranged  from  19°C  to  40“C  for  the 
SC-cuts,  and  it  was  about  100®C  for  the  AT-cuts.  The 
higher  aging  temperatures  at  the  UTP  introduced  a  small 
positive  aging  contribution  to  the  SC<uts’  aging,  i.e.,  the 
aging  of  both  positive  and  negative  aging  resonators 
became  more  positive  at  the  UTP.  The  results  for  the 
AT-cuts  indicated  no  drastic  improvements  in  aging  rates 
at  the  LTP  (571.  Aging  at  the  SC-cuts’  UTPs,  which 
ranged  up  to  120°C,  did  not  cause  a  significant  aging  rate 
de^dation  (57,90). 

If  aging  were  due  to  a  single  thermally  activated  process, 
then  one  ought  to  be  able  to  observe  phenomenally  low- 
aging  rates  by  cooling  the  resonators  to  cryogenic 
temperatures.  Although  the  definitive  aging  experiment  at 
low  temperatures  is  yet  to  be  performed,  the  limited  data 
at  such  temperatures  indicates  no  drastic  improvements  in 
aging  rates  (91-93).  When  the  aging  of  high  precision 
SC-cut  resonators  was  measured  at  (the  lower  turnover) 
temperatures  in  the  vicinity  of  -10°C  and  compared  with 
the  aging  of  similarly  fabricated  resonators  aged  at 
turnover  temperatures  that  were  90°C  to  1 20°C  higher,  no 
significant  improvement  in  aging  was  observed  at  the 
lower  temperatures  (57,94). 

Wh  t  an  aging  interruption  is  accompanied  by  a 
significant  temperature  excursion,  the  effects  can  range 
from  drastic  to  small.  For  an  example  of  drastic  change, 
when  the  aging  of  an  oscillator  containing  a  high  precision 
5-MHz  5th  overtone  glass  enclosed  AT-cut  resonator  was 
interrupted  and  the  oscillator  was  cooled  to  -40°C  for  nine 
days,  the  aging  rate  increased  drastically  subsequent  to  the 
resumption  of  aging.  Months  ebpsed  before  the  aging 
rate  returned  to  its  value  prior  to  the  interruption.  Fig.  4 
si'./ws  this  example.  This  oscillator  was  aging  at  an 
approximately  constant  rate  of  -1.1  X  lO  "  per  day  prior 
to  interruption.  After  the  aging  resumed:  1)  the  aging 
rate  became  positive  at  first,  2)  the  rate  reversed  direction 
after  about  150  days,  and  3)  the  aging  rate  stabilized  at 
-4,0  X  10'*^  per  day  after  about  one  year  and  it  stayed  at 
that  rate  for  the  subsequent  four  years. 

Low  temperature  storage  can  produce  drastic  aging  rate 
changes  (and  frequency  offsets)  in  SC-cut  oscillators,  too 
(57,90).  In  another  aging  experiment,  groups  of  high 
stability  OCXOs  and  TCXOs  were  on-off  cycled  and 
temperature  cycled  during  the  experiment  For  most  of 
the  oscillators,  the  interruptions  did  not  worsen  the  total 
frequency  changes  during  the  aging  period  (94). 
Similarly,  when  high  stability  microcomputer  compensated 
crystal  oscillators  were  aged  with  repeated  interruptions 
for  temperature  cycling,  the  aging  rates  were  not  made 
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worse  by  the  cyclings  [95]. 

It  has  been  shown  that  stability  under  intermittent 
operation  is  dependent  on  the  processes  used  in  fabricating 
the  resonator.  For  example,  upon  restarting  an  oscUlator 
following  an  oven  shutdown,  those  containing  high 
temperature  processed  crystal  units  exhibit  much  smaller 
frequency  offsets,  and  the  aging  rates  return  to  their  pre¬ 
shutdown  values  much  faster,  than  do  low  temperature 
processed  units  [89,96]. 


Frequency  and  Overtone  Depend  *nce  of  Aging. 

Since  most  of  the  known  aging  mechanisms  are  associated 
with  the  resonator’s  surfaces,  it  is  not  surprising  that,  in 
general,  resonators  of  higher  volume-to-surface  ratio  tend 
to  exhibit  a  lower  aging  rate  than  resonators  of  lower 
volume-to-surface  ratio.  For  a  given  fabrication  process, 
the  aging  rate  tends  to  scale  with  the  volume-to-surface 
ratio  of  the  resonator’s  active  area,  i.e.,  with  the  frequency 
of  the  plate.  For  example,  the  aging  of  333-MHz 
fundamental  mode  SC-cut  resonators  [97]  at  25°C  (the  test 
OCXOs  were  kept  in  a  freezer  to  permit  stabilization)  of 
the  OCXO  ovens  at  25°C)  was  found  to  range  from  I  to 
3  X  10  *  per  day  after  one  year  of  continuous  aging  [98], 
The  aging  of  comparably  fabricated  5-MHz  fundamental 
mode  resonators  under  the  same  aging  conditions  would 
typically  be  on  the  order  of  333/5  times  lower,  i.e.,  on  the 
order  of  a  few  parts  in  10**^  per  day.  The  scaling  with 
frequency  appears  to  apply  to  SAW  devices  too;  e.g.,  the 
aging  rates  of  "good"  500-MHz  SAW  resonators  [99]  are 
typically  on  the  order  of  1(X)  times  higher  than  the  aging 
rates  of  "good"  5-MHz  bulk  acoustic  wave  resonators. 

The  aging  rates  of  2.5-MHz  and  5-MHz  5th  overtone  AT- 
cut  resonators  made  according  to  designs  and  processes 


developed  by  Warner  and  coworkers  in  the  late-  1950's  and 
1960’s  [88,89,96, 1(X)- 104]  are  still  difficult  to  surpass. 
This  is  probably  due,  in  part,  to  the  large  volume-to- 
surface  ratio  of  these  resonators.  No  larger  volume-to- 
surface  ratio  resonators  have  been  developed  since.  (In 
fact,  2.5-MHz  5th  overtone  resonators  are  no  longer  made 
regularly.) 

In  general,  overtone  resonator  aging  rates  are  lower  than 
aging  rates  of  comparably  fabricated  fundamental 
resonators  of  the  same  frequency.  The  reasons  are,  not 
only  that  overtone  resonators  have  a  larger  volume-to- 
surface  ratio,  but  also,  that  overtone  resonators,  having  a 
smaller  Cj,  exhibit  a  lower  aging  rate  due  to  oscillator 
circuit  component  aging  and  a  lower  sensitivity  to  changes 
at  the  resonators’  edges. 

Drive  Level  Dependence  of  Aging. 

The  experimental  evidence  concerning  the  effect  of  drive 
level  is  mixed.  In  one  report  on  the  aging  of  (low 
stability)  32.8-kHz  flexural  mode  resonators  [87],  an 
increase  to  "inadmissibly  high  values  of  crystal  unit  drive 
level "  from  10  pW  to  100  pW,  produced  a  significant 
increase  in  aging  rates.  (An  increase  in  aging  temperature 
was  also  found  to  increase  the  aging  rates  of  these 
resonators.)  The  report,  however,  references  an  earlier 
study  which  showed  "the  absence  of  any  amount  of 
significant  influence  of  drive  conditions  on  the  crystal  unit 
aging.,.,"  at  reasonable  drive  levels. 

The  aging  rate  of  AT-cut  resonators  has  been  reported  to 
be  degraded  by  high  drive  levels  [105].  Increasing  the 
current  through  2.5-  and  5-MHz  5th  overtone  resonators 
ten  fold  from  75  pa  resulted  in  an  increase  in  monthly 
aging  rate  from  1  X  10'*°  to  1.5  X  10'^.  The  aging  of 
BVA  resonators  has  also  been  reported  to  be  sensitive  to 
drive  level  [106,107].  The  drive  level  sensitivity  has  been 
used  to  produce  oscillators  that  exhibit  "zero  aging”  at  a 
particular  time.  (It  is  highly  unlikely,  however,  that  such 
a  balancing  of  aging  mechanisms  can  last  for  long 
periods.) 

Changing  the  resonator  dri  /e  levels  in  discrete  steps  did 
not  affect  the  aging  rates  of  precision,  high  temperature 
processed  SC-cut  resonators,  up  to  a  2.5-ma  drive  current 
(594  pW),  the  maximum  that  was  tried  in  the  study  [94]. 

Since  resonator  frequency  is  a  function  of  drive  level  [81], 
if  the  oscillator  circuitry  ages  so  as  to  gradually  change 
the  drive  level,  oscillator  aging  can  result.  At  very  high 
drive  levels,  the  power  dissipation  in  the  resonator  will 
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raise  the  temperature  of  the  resonator’s  acti'^e  area. 
Therefore,  resonators  which  are  adversely  aflfected  by 
increased  aging  temperatures  would  also  be  expected  to  be 
adversely  affected  by  increased  drive  levels.  From  the 
limited  available,  it  appears  that,  at  a  constant  drive 
level,  the  aging  of  low  stability  and  AT-cut  resonators  is 
adversely  affected  by  high  drive  levels,  whereas  that  of 
precision  SC~cuts  is  not  affected.  Gt  may  be  worthwhile 
to  repeat  the  measurement  of  the  drive  level  dependence 
of  precision  AT-cuts,  in  carefully  designed  oscillators,  to 
eUminate  the  possibility  that  the  drive  level  dependence  of 
aging  was  circuit  induced,  e.g.,  via  higher  DC  bias  on  the 
resonator  at  higher  drive  levels.) 

Increasing  the  drive  level  increases  the  displacements, 
velocities  and  accelerations  of  particles  at  resonator 
surfaces.  At  high  frequencies,  especially,  particle 
accelerations  can  be  on  the  order  of  a  million  g’s.  High 
drive  levels'  ability  to  remove  particulate  contamination 
from  surfaces  Is  well  known.  Whether  or  not  high  drive 
levels  can  affect  the  desorption  of  adsorbed  contaminants 
has  been  considered  [108].  Since  the  increased  kinetic 
energy  of  an  adsorbed  molecule  due  to  a  high  drive  level 
is  very  much  less  than  20  kcal/mol  (which  is  the  typical 
adsorption  energy  of  concern),  and  is  also  much  less  than 
the  thermal  energies  at  normal  operating  temperatures, 
high  drive  levels  probably  do  not  directly  affect 
adsorption-desorption  phenomena 

The  Effects  of  Aging  Interruptions. 

If  during  an  interruption  in  aging  the  resonator  or 
oscillator  experiences  a  change  in  its  environment,  then 
upon  resuming  the  aging,  the  aging  rate  can  be 
significantly  different  from  what  it  was  prior  to  the 
interruption.  The  effects  of  thermal  interruptions,  drive 
level  changes,  and  DC  fields  were  discussed  earlier. 
Other  interruptions  that  can  result  in  increased  aging 
include  mechanical  and  thermal  shock,  vibration,  magnetic 
and  electric  fields,  AC  signals,  and  radiation  [109,110]. 
Few  studies  have  been  reported  on  the  effects  of 
interruptions  other  than  thermal.  In  general,  the  effects 
will  depend  on  the  nature  of  the  interruption,  and  on  the 
aging  mechanisms  that  are  disturbed  by  the  interruption. 
For  example,  if  during  a  shock  some  elastic  limit  in  the 
resonator’s  mounting  structure  is  exceeded,  then  the  shock 
may  change  the  stress-relief  component  of  aging. 
Similarly,  if  a  radiation  pulse  displaces  impurities  to 
higher  energy  sites  in  the  lattice,  then  the  subsequent 
aging  may  be  affected  by  the  migration  of  impurities  tc 
low  energy  sites. 


Dependence  of  Aging  on  Material  and  Mode  Type. 

Since  there  are  very  few  reports  on  common  applications 
that  use  different  materials  or  modes,  the  effects  of 
material  and  mode  type  on  aging  are  not  easily  sqiarable. 
No  reports  on  the  effects  of  changing  material  for  the 
same  mode  type  were  found  in  the  literature.  No  reports 
on  aging  for  bulk  wave  devices  made  from  lithium 
niobate,  berlinite,  or  other  new  piezoelectric  matoials 
were  found.  In  this  section,  aging  data  on  extensional 
mode  lead  zirconate  tiianate  and  lithium  tantalate 
resonators,  other  modes  using  lead  zirconate  titanate, 
hydrophones  made  from  poly  (vinylidene  fluoride),  quartz 
flexural  tuning  forks,  and  quartz  surface  wave  resonators 
are  presented.  Where  possible,  the  material  effects  are 
separated  from  the  device  type  effects. 

Dependence  of  Aging  on  Resonator  Material. 

Extensional  resonators  made  from  lead  zirconate  titanate 
and  similar  materials  age  from  700  to  KXXX)  ppm  per 
decade  in  time  [111].  Improved  lead  zirconate  titanate 
type  materials  operating  in  all  modes  age  about  1000  ppm 
to  end-of-life  of  10  years  [112]. 

For  piezoelectric  ceramic  materials  the  aging  usually 
proceeds  as  log-time  [113]  and  is  therefore  reported  as  a 
frequency  change  per  decade  of  time.  No  recent  reports 
with  a  detailed  description  of  the  time  and  temperature 
dependence  of  aging  in  materials  like  lead  zirconate 
titanate  could  be  found. 

Extensional  mode  lithium  tantalate  resonators,  with 
frequencies  from  4SS-lu-lz  to  2-MHz,  were  aged  at  room 
temperature  for  more  than  900  days.  Aging  did  not 
depend  significantly  on  frequency.  The  frequency 
decreased  about  100  ppm  during  the  fust  year,  after  two 
years,  the  aging  rate  was  3  X  10'^  per  month  [114], 

Hydrophones  made  from  a  plastic  piezoelectric  polymer, 
poly  (vinylidene  fluoride)  age  a  few  10(X)0  ppm  per 
decade  in  time,  with  an  upper  temperature  limitation  of 
80®C  [115].  For  the  hydrophone  aging,  the  mode  of 
vibration  used  was  not  stated,  but  it  was  implied  that  this 
aging  value  was  determined  for  the  31  and  33  modes. 

Most  reported  aging  studies  have  been  for  quartz  and  lead 
zirconate  titanate  devices. 

Dependence  of  Aging  on  Mode  Type. 

Some  reports  on  aging  of  low  frequency  and  high 
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frequency  quartz  bulk  wave  devices,  as  well  as  the  aging 
of  surface  acoustic  wave  (SAW)  resonators  and  delay 
lines,  are  sumniarized  by  Gerber  [4|. 

The  aging  of  low  hequency  wire  mounted  quartz  crystal 
resonators  operating  in  different  contour  (length- width) 
modes  was  reported  by  Armstrong,  et  al.  [89],  and  by 
Gerber  and  Sykes  [116j.  For  these  devices  the  aging 
proceeded  as  log-time. 

Kanbayashi  [117],  Engdahl  and  Matthey  [118],  Yoda 
[119],  and  Forrer  [120]  have  reported  aging  results  for 
quartz  flexural  mode  tuning  forks  at  frequencies  of  about 
32.768-kHz.  Yoda  reported  aging  results  for  32.768-kHz 
flexural  (XY,  NT,  tuning  fork)  mode  resonators  to  be  +5 
ppm  per  year.  Some  examples  of  -0.2  to  +0.3  ppm  per 
year  were  shown  [121].  Table  II  summarizes  the  aging  of 
several  types  of  low  frequency  quartz  resonators. 

The  data  in  Table  II  suggest  that  flexural  and  width-shear 
resonators  age  less  than  extensional  or  face  shear 
resonators.  The  data  in  Table  II  also  suggest  that  lower 
frequency  resonators  age  less  than  higher  frequency 
resonators  of  the  same  type.  From  the  data  in  Table  II,  it 


is  not  possible  to  assign  the  cause  of  the  low-aging 
flexures  and  width-shears  to  mode  type  or  frequency 
alone. 

Gerber  [4]  also  summarized  some  reports  on  the  aging  of 
quartz  surface  acoustic  wave  resonators  and  delay  lines. 
For  some  184-  and  194-MHz  SAW  resonators  there  was 
little  or  no  difference  in  aging  at  SOX  to  1S0°C,  but 
increased  aging  was  observed  at  200X  to  250X 
[122,123].  For  some  160-MHz  SAW  resonators  powered 
in  an  oscillator  at  60°C  the  log-time  aging  rates 
approached  1  X  10  ®  per  day;  -5  to  +5  X  10  ®  per  day 
after  162  days.  According  to  the  general  rule  that  the 
aging  is  proportional  to  the  frequency,  these  SAW 
resonators  had  an  aging  equivalent  to  a  bulk  wave 
resonator  of  about  6  X  lO  ’®  per  day  at  10-MHz.  For 
these  devices  the  best  long  term  aging  was  -0.64  to  -0.31 
ppm  per  year  [124-126].  For  160-MHz  SAW  resonators, 
aging  data  were  best  fitted  with  two  simultaneous  log-time 
aging  mechanisms  [125,126]. 

Some  300-MHz  SAW  resonators  had  aging  rates  of  1  to 
2  ppm  per  30  days  at  room  temperature  [127].  Some  1.4- 
GHz  SAW  delay  lines  aged  several  ppm  in  52  weeks. 


Table  II 

Aging  of  Low  Frequency  Quartz  Crystal  Resonator 
(Probably  al  room  temperature) 


Mode  Type  (frequency) 

Aging  (ppm) 

Time  of  Aging 

Extensional  (200-kHz) 

8.0 

100  days 

Face  Shear  (200-kHz) 

4.0 

100  days 

Extensional  (100-kHz) 

3.0 

100  days 

Width-Shear  (990-kHz) 

3.0 

100  days 

Flexure  (8-kHz) 

1.2 

100  days 

Flexure  (445-kHz  to  2-MHz) 

-0.2  to  +0.3 

365  days 

Width-Shear  (550-kHz) 

1.0 

100  days 

Width-Shear  (230-kHz) 

0.5 

100  days 

Flexural  Tuning  Fork 
(32.768-kHz) 

-0.5  to  +2.0 

365  days 
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also  probably  at  room  temperature  [1281;  200-  to  400- 
MHz  SAW  delay  lines  in  powered  oscillators  at  about 
30°Caged  between  -10  to  +17  ppm  in  about  60  to  120 
weeks  (129);  400-MHz  SAW  devices  aged  less  than  1 
ppm  per  year  (-2  to  +4  ppm  per  year)  on  a  production 
basis  (130,1311:  187-MHz  to  425-MHz  SAW  resonator 
oscillators  operating  at  room  temperature  aged  between  0.1 
and  0.5  ppm  per  year  with  aging  times  from  27  weeks  to 
80  weeks  [65];  425-MHz  SAW  resonators  oscillators  aged 
less  than  0.1  ppm  in  100  weeks  at  60°C  (99). 

A  survey  of  aging  for  SAW  devices  showed  best  aging 
rates  of  less  than  0.1  ppm  per  year  [131].  SAW  aging 
continues  to  be  reduced  as  the  SAW  fabrication 
technology  adopts  bulk  wave  processes  of  cleanliness, 
high  temperature  processing,  and  careful  attention  to  the 
selection  of  materials,  mountings,  and  packages. 

Low-aging  Oscillators:  The  State  of  the  Art,  Present  and 
Future. 

The  lowest  aging  rates  reported  to  date  are  a  few  parts  in 
lO’^  per  day  [90,105].  The  date  of  reference  number  105 
is  1967.  Unfortunately,  the  authors  cite  unpublished 
results  obtained  elsewhere.  The  aging  rate  of  the  parts  in 
lO’^  per  day  oscillator  of  reference  number  90  had 
increased  to  4  X  10  *^  per  day  one  year  after  publication 
oi  the  reference,  and  remained  at  that  rate  for  the  next 
year  (and  is  continuing  at  that  rate  as  of  mid-1991)[98]. 

Several  authors  have  reported  few  parts  in  lO'^  per  day 
aging  rates  [36,88,90,94,96,100,132,133],  Such  aging  has 
been  reported  for  only  a  few  resonators,  usually  after 
extended  stabilization  periods.  No  manufacturer  will 
guarantee  such  aging  today  even  though  the  first  report  of 
parts  in  10*^  aging  (1  X  10  *°  per  month)  appeared  in 
1958  [100]. 

The  slow  progress  in  the  best  long  term  aging 
performance  is  puzzling  because  during  the  past  30  years, 
numerous  advancements  have  taken  pbee  which  ought  to 
have  yielded  improvements.  Among  the  advancements 
are;  the  SC-cut,  better  ultrahigh  vacuum  systems,  better 
cleaning  techniques,  better  understanding  of  stress  effects, 
and  better  oscillator  circuitry.  These  advancements  seem 
to  have  resulted  in  significant  improvements  in  initial 
aging,  but  not  in  the  long  term  aging.  As  manufacturers 
adopted  these  advancements,  the  advancements  have  also 
resulted  in  improvements  in  the  aging  of  resonators  in 
high  volume  production. 

In  1983-84,  an  informal  survey  of  worldwide  capabilities 


in  making  low-aging  resonators  was  performed  [57],  Ten 
organizations  were  identified  which  could  make  resonators 
with  parts  in  10**  per  day  aging  after  30  days  of 
continuous  operation.  Although  the  processes  used  to 
make  these  resonators  varied  widely,  the  end  results  with 
respect  to  long  term  aging  did  not  (the  stabilization 
periods,  however,  were  much  shorter  for  some  than  for 
others). 

Parts  in  10* '  aging  has  been  achieved  with  AT-,  BT-  and 
SC-cut  resonators;  with  glass  enclosed,  metal  enclosed, 
and  ceramic  flatpack  enclosed  resonators;  with  natural, 
cultured  and  swept  cultured  quartz;  with  lightly  etched  and 
deeply  etched  resonator  pbtes;  with  mechanically  polished 
and  chemically  polished  plates;  etc.  A  high  temperature 
vacuum  bake  prior  to  scaling  the  resonators  appeared  to  be 
the  key  step  that  was  common  to  all  the  processes  that 
produced  low-aging.  Although  the  bake  temperatures, 
times  and  vacuum  conditions  varied  widely,  it  is  clear 
from  the  survey  and  other  evidence,  that  vacuum  bakinp 
before  sealing  is  a  necessary  step  in  the  production  ot 
low-aging  resonators. 

Aside  from  high  temperature  processing,  the  only 
parameter  that  was,  in  some  respects,  common  to  all  the 
processes  was  the  quartz  material.  No  significant 
improvements  in  reducing  quartz  defects,  such  as 
dislocations  and  hydrogen  content,  have  taken  place  during 
the  past  30  years.  In  fact,  the  dislocation  densities  in 
cultured  quartz  have  probably  increased  over  the  years. 
Since  the  quality  of  commercially  available  cultured  quartz 
is  adequate  for  nearly  all  high-volume  applications,  and 
since  it  is  expensive  for  growers  to  "refresh"  the  seeds 
periodically  by  using  natural  quartz,  the  growers  have  had 
little  incentive  for  refreshing  seeds.  If  the  seeds  are  not 
refreshed,  cultured  quartz  grown  on  successive  generations 
of  cultured  quartz  seeds  will  contain  increasing  densities 
of  dislocations.  Although  no  dab  could  be  found  on  the 
defect  densities  in  low-aging  resonators  from  30  years  ago 
vs.  today,  it  is  conceivable  that  the  aging  of  the  lowest 
aging  resonators  is  somehow  related  to  quartz  defects. 
The  outgassing  of  quartz  may  also  limit  the  lowest 
attainable  aging. 

Another  parameter  that  is  common  to  all  resonators  is 
background  ionizing  radbtion  due  to  cosmic  rays  and 
radioactive  trace  elements  in  the  soil  and  building 
materials.  The  amount  of  background  radbtion  depends 
on  location.  The  average  annual  radiation  dose  from 
natural  sources  in  the  U.S.A.  has  been  reported  to  be  on 
the  order  of  0.1  rad  [134]. 
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The  radiation  sensitivities  of  resonators  are  a  highly 
nonUnear  function  of  dose  at  low  doses.  The  low  dose 
radiation  effects  are  not  well  understood.  The  frequency 
changes  per  rad  at  low  doses  can  be  several  ortfers  of 
magnitude  higher  than  at  high  doses  [13S];  sensitivity  as 
high  as  1  X  10'^  per  rad  h^  been  reported  upon  initial 
irradiations  [110].  A  resonator  with  such  sensitivity  would 
exhibit  apparent  aging  (i.e.,  drift,  according  to  the  new 
definitions  [2])  of  1  X  10'*®  per  year  or  3  X  10'*^  per  day 
due  to  the  background  radiation.  Although  other 
resonators  have  been  found  to  have  smaller  sensitivities 
[109],  and  the  radiation  was  deposited  much  faster  in  the 
experiments  than  the  rate  of  deposition  of  background 
radiation,  since  the  low  dose  effects  are  not  well 
understood,  and  the  rate  dependencies  at  very  low  rates 
are  unknown,  it  is  conceivable  that  the  effects  of 
background  radiation  are  not  negligible  in  the  lowest  aging 
resonators.  A  better  understanding  of  low  dose  effects 
(and  the  means  to  minimize  these  effects)  may  be  a 
prerequisite  to  making  substantial  improvements  in  the 
technology  of  ultra  low-aging  resonators. 

To  achieve  the  lowest  aging  rates,  the  oscillator  circuitry 
must  also  be  carefully  designed.  Achieving  lower  than 
parts  in  lO’^  per  day  oscillator  stabilities  is  no  easy  task, 
however;  the  best  circuits  do  not  yet  seem  to  limit  the 
achievable  long  term  aging  of  small  C|  resonators,  such  as 
S-MHz  Sth  overtone  SC-cuts.  (Some  of  the  lowest  aging 
rates  reported  have  been  for  lO-MHz  3rd  overtone  SC-cut 
oscillators  (57,94).) 

In  spite  of  the  lack  of  significant  progress  in  improving 
the  aging  of  the  lowest  aging  oscillators,  no  evidence 
exists  to  indicate  that  the  barriers  to  further  improvements 
are  insurmountable.  The  definitive  experiments,  in  which 
all  known  aging  mechanisms  are  minimized,  are  yet  to  be 
done. 


Aging  Acceleration  Effects. 


Multiple  Aging  Mechanism  Pitfall. 


The  temperature  dependence  of  aging  rate  depends  on  the 
processes  used  during  a  resonator’s  fabrication.  Since  the 
aging  rates  due  to  most  known  aging  mechanisms  have 
strong  (e.g..  exponential)  dependencies  on  temperature, 
care  must  be  taken  in  the  use  and  interpretation  of 
accelerated  aging  tests.  Especially  when  two  or  more 
aging  mechanisms  are  present,  simple  accelerated  aging 
tests  can  lead  to  misleading  or  meaningless  results 
[57,136]. 


For  example,  adsorption  and  desorption  of  contamination 
is  believed  to  be  a  significant  aging  mechanism  in  many 
resonators.  The  half-life,  ti/2.  of  adsorbed  molecules  can 
be  expressed  as 


where  R  is  the  gas  constant,  to  is  about  10'*^  seconds, 
is  the  desorption  energy,  and  T  is  the  temperature  in 
Kelvins  [9].  Therefore,  the  half-life  of  a  molecule  at  room 
temperature  (25°C  =  398®K),  is  about  1/2  minute  when  Ej 
=  20  kcal/mol;  it  is  30  years  when  Ej  =  30  kcal/mol,  and 
it  is  a  billion  years  when  E ^  ^  40  kcal/mol.  Molecules 
that  have  E^  =  20  kcal/mol  are  desorbed  relatively  rapidly 
and  are  pumped  away  during  processing  in  vacuum.  A 
monolayer  of  molecules  (with  molecular  weight 
comparable  to  that  of  quartz)  with  Ej  =  30  kcal/mol 
contributes  on  the  order  of  10'®  per  day  to  the  aging  of, 
e.g.,  20-MHz  fundamental  mode  AT-cut  resonators.  A 
monolayer  of  molecules  with  Ej  =  40  kcal/mol  contributes 
on  the  order  of  10'*^  per  day,  and  can.  therefore,  be 
considered  to  be  stable  with  time.  Therefore,  only  a  few 
molecular  species  are  likely  to  contribute  to  aging  (but 
these  include  some  important  ones,  such  as  H2O,  CO2,  CO 
and  CH4). 


In  Eq.  2,  E^  is  sometimes  found  to  increase  with 
decreasing  coverage,  and  after  a  monolayer  is  formed,  it 
is  generally  also  different  for  a  second  adsorbed  layer. 
Although  Eq.  2  gives  the  half-life  of  the  desorption 
process,  the  details  of  the  time  dependence  of  desorption 
are  not  specifically  included.  This  detail  is  supplied  by  an 
analysis  such  as  the  ones  by  Landsberg  [7]  and  Clang,  et 
al.[9]. 


If,  for  instance,  a  resonator’s  aging  is  determined  by  the 
desoiption  of  two  species  of  contaminants,  one  with  Ej  = 
30  kcal/mol  and  the  other  with  Ej  =  40  kcal/mol,  then 
accelerated  aging  at,  for  example,  150°C  will  provide 
meaningless  results.  At  150®C,  the  molecules  with  Ej  = 
30  kcal/mol,  which  are  the  molecules  that  determine  the 
aging  at  room  temperature,  are  desoibed  within  a  fraction 
of  a  second.  The  subsequent  aging  is  then  determined  by 
the  Ej  =  40  kcal/mol  molecules,  which  at  room 
temperature  do  not  contribute  measurably  to  the  aging. 
The  150*^  aging  results,  therefore,  will  not  shed  any  light 
on  the  aging  that  can  be  expected  at  room  temperature. 
Data  at  several  temperatures  is  necessary  to  reveal  the 
presence  of  multiple  aging  mechanisms  and  their  effect  on 
the  aging  at  the  normal  operating  temperatures. 
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Brief  Review  of  the  Theory  of  Rate  Prtx.esses. 

The  following  tutorial  discussion  of  rate  processes  [137] 
is  included  in  this  review  paper  because  understanding  rate 
processes  can  be  important  in  our  attempts  to  understand 
aging  and  accelerated  aging  results. 

The  various  aging  mechanisms  are  specific  cases  of  rate 
processes.  Many  studies  of  chemical  rate  processes  have 
been  reported  and  are  summaiized  in  textbooks  on 
physical  chemistry  and  chemical  rate  processes.  Early 
studies  of  chemical  reaction  rates  were  on  gas  and  solution 
systems. 

For  gas  reactions,  the  reaction  rate  is  often  controlled  by 
collisions  between  reacting  gas  atoms  and  molecules. 
Arrhenius  proposed  that  the  reaction  rate  could  be 
expressed  as: 

Reaction  Rate  -  K  t  (3) 

where  E,  was  called  the  activation  energy  because  it 
described  the  dependence  of  rate  on  the  absolute 
temperature  in  degrees  Kelvin  (T).  T  is  the  resonator 
temperature,  sometimes  called  the  soak  temperature.  R 
was  a  constant  that  made  the  exponent  argument  unitless, 
as  required.  If  R  =  1  then  Ej  is  in  degrees  Kelvin;  R  can 
be  selected  so  that  E,  is  in  electron  volts  (a  common  unit 
often  used  in  studies  of  the  aging  of  semiconductor 
devices),  or  calories  or  kilocalories  per  mole  (which  is  a 
common  unit  used  in  chemical  reaction  rate  studies).  K 
includes  factors  specific  to  the  system  of  interest,  such  as 
gas  reactant  types  and  pressures  or  dissolved  reactant 
types  and  concentrations. 

Boltzmann  later  developed  a  statistical  thermodynamic 
theory  of  gas  reactions  that  showed  that  E,  in  the 
Arrhenius  proposal  ought  to  depend  on  temperature 
because  it  had  a  part  associated  with  the  distribution  of 
system  energy  (entropy)  as  well  as  the  part  associated  with 
changes  in  the  average  system  energy  (thermal  energy). 
According  to  this  theory  E,  should  really  be  F^,  the 
change  in  the  free  energy  of  the  reaction  process  (rather 
than  the  change  in  the  enthalpy).  This  more  rigorous 
theory  helped  to  make  sense  of  a  larger  set  of 
experimental  results,  including  those  of  a  few  reactions 
which  were  actually  slower  at  higher  temperatures.  These 
particular  reactions  had  rates  controlled  by  the  distribution 
of  thermal  energy  rather  than  by  the  average  change  in  the 
thermal  energy.  Further  studies  of  gas  phase  reaction  rates 
have  included  quantum  effects  for  simple  systems. 


Experimental  studies  have  shown  that  reactions  in 
solutions  are  more  complicated  than  gas  phase  reactions. 
Experimental  studies  have  also  shown  that  reactions 
involving  the  interaction  of  a  gas  or  dissolved  reactant 
with  a  surface  are  generally  more  complicated  than  either 
gas  or  solution  phase  reactions.  In  spite  of  the  additional 
complexity,  the  gas  phase  ideas  of  reaction  rales  controlled 
by  an  Arrhenius  or  Boltzmann  rate  law  and  by  collisions 
between  reacting  atoms,  molecules,  free  radicals,  and 
surfaces,  have  been  very  useful  in  developing  an 
understanding  of  general  reaction  rates. 

This  brief  history  of  reaction  rate  science  suggests  that 
oversimplification  can  easily  lead  to  an  inadequate 
understanding  of  the  processes  being  considered.  For 
example,  it  was  found  experimentally  that  many  gas  and 
solution  phase  reactions  have  Arrhenius  activation  energies 
that  produce  a  doubling  of  the  rate  for  every  ten  degrees 
Celsius  increase  in  reaction  temperature.  If  no  other 
evidence  is  available,  this  activation  energy  can  be  used  to 
design  experiments  to  efficiently  estimate  the  actual 
activation  energy  for  the  system  of  interest  Credible  long 
term  estimates  of  crystal  resonator  and  crystal  oscillator 
aging  can  only  be  determined  from  these  experimentally 
determined  activation  energies  and  not  by  the  general  rule 
of  thumb. 

For  many  gas  and  solution  systems,  the  dependence  of  the 
concentration  of  a  reactant  or  resultant  species  on  time  is 
exponential,  giving  a  reaction  rate  that  can  approach  zero, 
as  a  reacting  species  is  completely  used  up  in  the  reaction. 
In  systems  for  which  one  of  the  reacting  species  has  a 
very  large  excess  concentration,  so  that  the  concentration 
does  not  change  very  much  during  the  entire  reaction 
process,  changing  the  concentration  of  that  species  may 
not  measurably  change  the  reaction  rate. 

A  Log-time  Law  of  Chemisorption.  Oxidation,  and  Stress 
Relief. 

A  review  of  chemisorption  on  metal  surfaces  and 
oxidation  of  metal  surfaces  [7],  two  processes  which  could 
easily  affect  the  dependence  of  the  frequency  of  a  crystal 
resonator  on  time,  showed  how  most  of  the  available 
experimental  data  were  consistent  with  a  logarithmic  rate 
law.  The  source  of  such  a  law  was  also  proposed.  In 
spile  of  some  uncertainties,  most  of  the  available  metal 
chemisorption  and  oxidation  experimental  data  could  be 
described  by: 
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where  q  is  the  amount  of  adsorbed  gas,  t  is  the  time,  and 
b  and  tg  are  constants.  In  Eq.  4  tg  is  not  the  starting  time 
for  the  adsorption,  but  is  one  of  two  parameters  that 
characterize  the  aging  process  (tQ  will  be  used  as  the  aging 
process  starting  time  in  a  later  section  of  this  paper). 

At  least  that  part  of  the  aging  of  crystal  devices  associated 
with  chemisorption  of  contaminant  gases  on  the  crystal 
surfaces,  or  on  the  electrodes,  or  with  the  oxidation  of  the 
electrode  material,  or  the  quartz  itself,  might  have  a 
logarithmic  rate  law.  Some  quartz  resonator  designers 
have  recognized  that  many  resonators  age  a  fixed  amount 
per  decade  in  time,  which  is  a  logarithmic  rate  dependence 
[4,6.68.71.89.96.104.138-142]. 

The  atomislic/molecular  model  of  the  chemisorption 
process  with  a  logarithmic  rate  law  was  expressed  in  terms 
of  the  specialized  language  of  adsorption  chemistry,  but 
can  be  stated  in  much  simpler  and  more  general  terms. 
The  simpler  and  more  general  statements  are  that:  1)  the 
adsorption  docs  not  depend  on  any  concentrations  (zero 
order),  and  2)  that  the  Arrhenius  activation  energy  is  a 
linear  function  of  the  amount  of  adsorption.  Both  of  these 
statements  can  be  expressed  as: 

=  Ce‘^*°  *  (5) 

dr 

where  q  is  the  amount  of  adsorbed  material  (proportional 
to  the  frequency  shift  in  a  resonator  due  to  adsorbed 
material),  t  is  the  time.  T  is  the  soak  temperature  in 
degree*  Kelvin.  does  mt  '^''^nd  on  time  cr 
temperature,  and  E^j  are  the  constant  and  linear 
components  of  the  activation  energy,  and  k  determines  the 
units  of  Ejo  and  Ejj.  For  example,  if  E^q  is  expressed  in 
degrees  Kelvin  and  E^,  is  expressed  in  degrees  Kelvin  per 
second,  then  k  =  1  and  t  is  in  seconds.  Only  a  few  studies 
on  the  use  of  Eq.  4  in  the  analysis  of  aging  of  resonators 
using  quartz  or  other  piezoelectric  materials  have  been 
reported  [4.6,68.7 1 ,89.96, 1 04. 1 38- 142). 


would  be  needed  to  separate  the  effects  of  the 
chemisorption,  oxidation,  and  thermal  stress  relaxation 
parts  of  the  aging  in  the  resonator  [72].  The  authors  do 
not  know  about  any  other  proposed  mechanism  for  the 
aging  of  crystal  resonators  for  which  a  basis  as  good  as 
that  of  the  logarithmic  time  mechanism  has  been 
developed. 


Implication  of  the  Log-time  Aging  Law. 


An  important  question  is:  under  what  conditions  can  Eq. 
S  be  used  to  understand  and  control  the  aging  of 
resonators?  A  careful  examination  of  the  consequences  of 
Eq.  5  is  one  place  to  start  developing  an  answer  to  this 
question. 


Eq.  6  describes  the  dependence  of  q  on  time  and  soak 
temperature.  In  Eq.  6,  tQ  is  the  starting  time  for  the 
process,  q(tQ)  is  the  amount  of  adsorbed  material  at  t=tQ, 
and  the  other  quantities  were  defined  earlier. 


The  Iq  defined  here  is  not  the  same  quantity  as  the  tQ 
defin^  in  Eq.  4;  tQ  in  Eq.  4  is  equal  to  (1/B)  in  Eq.  6.  In 
Eq.  4  the  starling  t  and  starting  q  were  both  0.  In  Eq.  6, 
q(tQ)  may  also  depend  on  temperature.  This  reversible 
temperature  dependence  is  not  time  dependent  and  is  the 
tempcmti.'C  coefficient  of  q  at  t=tQ.l 


Eq.  6  can  be  expressed  in  the  following  simpler  form  by 
defining  combinations  of  variables  as: 

(iU)  -  q(to)  =  £>  ln[l  +  <B(/  -  to)>] 

(7) 

where  D  ^  IL 
^aJ 


Before  examining  several  implications  of  Eq.  5,  we  should 
note  that  thermal  stress  relaxation  in  metals  such  as  zinc 
[143]  has  also  been  reported  to  follow  a  logarithmic  rate 
law  [7],  as  does  the  oxidation  of  many  metals  [8]. 
Consequently,  even  if  the  logarithmic  rate  law  were 
established  as  valid  for  crystal  aging,  other  evidence 


Fig.  5  shows  a  schematic  plot  of  q  versus  log-time 
according  to  Eq.  7. 

Eq.  6  and  Fig.  5  show  that  at  times  short  compared  to  l/B, 
q(l)-q(to)  is  approximately  zero.  At  times  long  compared 
to  1/B,  q(t)-q(tQ)  is  approximately  Dln[B(t-to)]  or  Dln(B) 
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Dln(t-to).  The  two  parameters  of  interest  in  this  aging 
model  are  D.  the  per  decade  change  in  q  for  long  times, 
and  (1/B),  the  characteristic  time  at  which  the  log-time 
behavior  begins  to  appear.  Hv  the  simple  model 
described  in  Eq.  6. 


BD  •  Ce 


l-vol 


(8) 


where 


^  IT 


Therefore.  BD  is  activated  in  an  Arrhenius  sense,  if  C. 
E,q.  and  E,i  are  independent  of  soak  temperature. 

It  can  be  inferred  from  experimental  results  on  high 
quality  8-MHz  fundamental  mode  quartz  resonators  that  B 
is  a  strongly  decreasing  function  of  temperature  and  that 
D  is  a  strongly  increasing  function  of  temperature  [138]. 
The  authors  are  not  aware  of  any  reports  on  the 
dependence  of  BD  on  temperature. 

Aging  with  Two  Simultaneous  Log-time  Mechanisms. 

There  are  no  factors  in  Eq.  6  that  could  reverse  the 
direction  of  the  resonator  aging.  Since  several  authors 
have  reported  measurements  that  show  a  change  in  the 
direction  of  aging  at  some  particular  time 
[6.57.87.94.139.144].  either  a  more  complicated  aging 
model  must  be  found  or  there  must  be  more  than  one 
simple  log-time  aging  mechanism  active  in  such 
resonators.  For  example.  Fig.  6  shows  schematically  how 
two  simple  logarithmic  aging  mechanisms  acting  at  the 


sante  time  in  a  particular  resonator  can  produce  aging  that 
changes  direction  at  a  particular  time. 


Mechanisms. 


For  this  case  the  early  logarithmic  slope  and  time  of  the 
maximum  positive  change  are  mostly  determined  by  the 
mechanism  with  the  larger  B.  The  time  to  zero  aging  has 
a  component  from  both  mechanisms.  The  long  term 
logarithmic  time  slope  is  the  sum  of  the  log-time  slopes  of 
the  two  mechanisms.  If  the  two  long  term  slopes  could  be 
made  equal  (compensation),  the  aging  would  rise  to  a 
fixed  value  and  then  stop. 

For  some  cases  it  may  turn  out  that  there  is  only  a  limited 
amount  of  possible  aging  in  the  particular  device  for  one 
of  the  mechanisms.  This  case  is  not  consistent  with  Eq.  4. 
and  has  not  been  reported  in  analyses  of  crystal  aging. 

In  addition  to  some  partly  exponential  time  dependencies 
in  diffusion,  exponential  time  dependencies  can  arise  from 
Hrst  order  rate  processes  associated  with  adsorption- 
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desorption  [9,68.72].  These  kinds  ot  processes  can  have 
an  exponential  time  dependence  if  the  activation  energy 
does  not  depend  on  the  amount  of  adsorption/desorption. 
A  time  depeiKlence  more  complicated  than  exponential  or 
logarithmic  can  arise  if  the  activatior.  ^  «rgy  also  depends 
on  the  amount  of  adsorptior^descx ,  .ton. 

In  one  report  (68),  an  exponential  aging  model  and 
simultaneous  power  law  (diffusion)  model  fitted  some 
isothermal  data  better  than  two  different  simultaneous  log¬ 
time  models  The  significance  of  this  result  for  other 
crystal  fj^^.ication  technologies  or  for  the  majority  of  the 
filters  made  with  the  same  technology  is  not  known. 

In  another  report  [72].  aging  data  were  fitted  better  by  log¬ 
time  or  by  square  root  time  (diffusion)  models  than  by 
exponential  time  models,  depending  on  the  particular 
resonator  being  studied.  In  this  work  the  log-time  model 
was  the  best  overall  model. 

Two  experimental  accelerated  aging  techniques,  isothermal 
aging  and  thermal  step  stress  aging,  have  been  used  to 
study  the  aging  of  crystal  resonators  (and  the  aging  of 
other  devices  as  well).  These  two  techniques  are 
discussed  in  the  next  two  sections. 

I-sothermal  Aging. 

In  this  experimental  technique  each  device  (resonator, 
oscillator,  etc.)  is  stored  at  only  one  of  a  set  of 
temperatures  and  the  frequency  is  measured  at  several 
times  of  particular  interest  [138,145].  Nearly  all  reported 
accelerated  aging  experiments  have  been  of  this  type.  The 
measurement  times  are  selected  to  optimize  the  cost  and 
resulting  use  of  the  data.  Measurement  time  choices 
depend  on  many  factors,  such  as  the  need  for  fixture 
calibration,  the  number  of  samples,  and  the  type  of  device. 
For  determining  the  parameters  of  a  log-time  model  for  a 
filter  application,  with  large  numbers  of  samples  and  the 
need  for  frequent  fixture  calibrations,  a  logarithmic 
spacing  of  measurement  times  is  particularly  efficient.  For 
an  oscillator  aging  study,  closer  spaced  measurements  may 
often  be  desirable,  e.g.,  to  characterize  frequency  jumps. 

Fig.  7  shows  a  schematic  plot  of  some  typical  isothermal 
aging  data  for  a  negative  aging  device  at  temperatures  of 
Tj  and  Tj  (where  T2  >  T,).  The  important  information 
here  is  the  general  shape  of  the  curves,  the  times  at  which 
the  rapid  changes  begin,  and  the  slopes  of  the  rapidly 
changing  parts. 


A  measurement  temperature,  which  may  be  different  from 
the  soak  temperature,  for  practical  reasons,  is  selected  to 
make  the  frequency  measurement  as  accurate  as  possible. 
This  measurement  temperature  is  often  a  turnover 
temperature  for  high  sudiility  resonators,  or  can  be  room 


Figure  7  -  Schematic  Plot  of  Isothermal  Aging  at  Two 
Temperatures. 


temperature  for  other  types  of  resonators.  The  resonator 
parameters  may  be  measured  directly  or  the  resonator 
frequency  may  be  measured  in  a  test  oscillator.  Both 
kinds  of  measurements  may  be  made  in  a  temperature- 
controlled  chamber. 

For  the  most  accurate  measurements,  the  frequency  is 
corrected  to  a  fixed  temperature  to  reduce  the  effects  of 
small  unavoidable  temperature  variations.  It  is  important 
to  show  that  the  aging  caused  by  the  thermal  shocks 
connected  with  the  change  from  the  soak  temperature  to 
the  measurement  temperature  can  be  neglected  or  removed 
from  the  data. 

The  time  dependent  data  is  fitted  (by  least  squares,  for 
example)  to  a  particular  aging  law  to  derive  statistical 
estimates  and  associated  confidence  limits  for  the  values 
of  the  aging  law  parameters  or  of  the  aging  at  a  particular 
time  of  interest  For  the  log-time  bw  the  parameters  are 
B  and  D;  particular  times  of  interest  could  be  1  year,  S 
years.  20  years,  etc. 

Each  member  of  a  group  of  resonators  is  assigned  to  a 
different  soak  temperature,  preferably  by  statistical 
experiment  design  rules.  For  each  resonator  soak 
temperature  experiment  the  data  are  fitted  to  the  selected 
aging  law  as  above.  The  aging  law  parameters  or 
frequency  shifts  calculated  at  a  particular  time  of  interest 
and  their  confidence  limits  can  then  be  fitted  to  a  selected 
law  of  the  temperature  dependence.  An  Arrhenius 
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temperature  dependence  law  often  turns  out  to  be  a  useful 
choice. 

The  temperature  dependence  Tit  gives  estimates  and 
confidence  limits  of  device  aging  or  aging  law  parameters 
at  any  temperature  of  interest  For  this  temperature 
dependence  fit,  there  are  three  sources  of  variability:  1) 
the  choice  of  the  wrong  aging  model,  2)  the  variability  of 
the  parameter  estimates  from  each  device,  and  3)  the  error 
of  each  of  the  estimates. 

The  results  of  the  two  fittings,  i.e.,  over  time  and  over 
temperature,  can  only  have  meaning  within  the 
applicability  of  the  assumed  aging  and  temperature 
dependence  laws.  Since  the  results  are  highly  statistical  in 
nature,  this  technique  can  only  characterize  a  particular 
fabrication  technology,  with  the  statistical  meaning  of  the 
final  predictions  dependent  on  the  validity  of  the  choice  of 
aging  model,  the  number  of  samples  chosen,  and  the 
number  and  ranges  of  times  and  temperatures  selected  for 
the  design  of  the  experiment  Within  this  context, 
statistical  aging  predictions  can  be  made  for  any  particular 
member  of  the  characterized  device  group. 

Thermal  Step  Stress  (Differential  Thermal  Analysis). 

In  this  experimental  technique  each  device  (resonator, 
oscillator,  etc.)  is  stored  for  a  fixed  time  interval  at  a 
series  of  increasing  temperatures;  the  frequency  is 
measured  after  each  temperature  soak  [138,143].  Fig.  8 
shows  a  schematic  plot  of  typical  thermal  step  stress  data 
for  a  negatively  aging  device.  The  important  information 
here  is  the  general  shape  of  the  curve,  the  temperature  at 
which  rapid  change  begins,  and  the  slope  of  the  rapidly 
changing  part  A  measurement  temperature  is  selected  to 
make  the  frequency  measurement  as  accurate  as  possible. 
This  measurement  temperature  is  often  a  turnover 
temperature  or  room  temperature.  For  the  most  accurate 
measurements,  the  frequency  is  corrected  to  a  fixed 
temperature  to  reduce  the  effect  of  small  unavoidable 
temperature  variations  on  the  results.  It  is  important  to 
show  that  the  aging  caused  by  the  thermal  shocks 
connected  with  the  changes  from  the  soak  temperatures  to 
the  measurement  temperature  can  be  neglected  or  removed 
from  the  data.  This  data  can  be  plotted  versus  temperature 
to  provide  a  curve,  the  shape  of  which  is  a  signature  of 
the  distribution  of  aging  mechanisms  for  that  particular 
device. 

For  an  assumed  aging  model,  this  data  can  also  be  used  to 
determine  estimates  and  confidence  limits  for  the  aging 
law  parameters.  For  the  log-time  law,  Eq.  S  gives  an 


Figure  8  -  Schematic  Plot  of  Thermal  Step  Stress 
Aging 


expression  for  the  slope  of  frequency  versus  time  as  a 
function  of  temperature.  After  each  temperahire  step,  the 
change  in  frequency  during  that  step  is  the  slope  for  that 
temperature,  as 

In  ^  -  In  C  -  (9) 

(il  RT 

For  example,  Eq.  9  shows  that  the  logarithm  of  the 
frequency  change  per  unit  time  during  each  temperature 
step  should  be  proportional  to  the  reciprocal  of  the 
absolute  temperature  of  the  step;  the  proportionality 
constant  is 


where  f(t)  can  be  taken  as  the  average  frequency  during 
the  temperature  step.  The  intercept  of  the  fitted  data  with 
the  T  =  infinity  axis  is  the  logarithm  of  C. 

After  the  parameters  of  the  aging  law  have  been 
determined,  Eq.  9  can  be  used  to  calculate  the  dependence 
of  frequency  on  time  at  any  temperature  of  interest  These 
calculations  can  be  compared  with  isothermal  results  on 
similar  devices. 

The  advantage  of  the  thermal  step  stress  technique  over 
the  isothermal  technique  is  that  the  aging  parameters  for 
a  particular  device  can  be  derived  in  a  short  time,  e.g., 
two  weeks  for  a  16  hour  time  step.  When  the  thermal 
step  stress  results  compare  well  with  the  isothermal 
results,  the  thermal  step  stress  technique  can  quickly 
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provide  useful  estimates  of  aging  parameters. 

If  the  high  temperature  parts  of  the  thermal  step  stress 
results  show  that  extraneous  high  temperature  aging 
mechanisms  are  present,  it  may  be  necessary  to  use  a 
longer  time  step  at  lower  temperatures  to  obtain  the 
desired  data.  These  extraneous  high  tempcr:iure 
mechanisms  may  include  melting  processes  or  phase 
changes  for  some  of  the  materials  in  the  device  being 
tested.  The  thermal  step  stress  results  provide  a  useful 
way  to  quickly  reveal  the  presence  of  these  mechanisms 
so  that  their  contribution  to  the  device  long  term  aging  can 
be  considered  and  resolved. 

Other  Aging  Characterization  Techniques. 

1.  Soaking  the  completed  resonators  at  a  specified 
temperature  for  a  specified  period  of  time  sufficient  to 
produce  a  small  but  measurable  aging  of  the  resonator. 
Resonators  with  frequencies  that  change  too  much  or  too 
little,  or  that  change  in  a  different  direction  during  this 
temperature  soak,  differ  from  other  resonators  in  the  same 
production  lot  and  should,  therefore,  be  candidates  for 
rejection  and  failure  mode  analysis  to  determine  the 
possible  causes  for  the  differences. 

2.  Installing  the  completed  resonators  in  test  ovens  at 
the  system  use  temperature  and  carefully  measuring 
frequency  changes  per  unit  time  until  the  change  per  unit 
time  reduces  to  a  prescribed  value.  If  the  prescribed 
frequency  change  per  unit  time  is  not  reached  in  a 
prescribed  time,  the  resonator  is  a  candidate  for  rejection. 
Resonators  that  achieve  the  desired  frequency  change  per 
unit  time  too  early  probably  should  also  be  rejected,  but 
this  is  not  often  done. 

It  is  very  important  that  all  thermally  accelerated  aging 
procedures  be  based  on  a  specified  aging  model.  The 
procedures  should  be  performed  to  provide  data  from 
which  parameters  of  the  assumed  aging  model  can  be 
determined.  Determination  of  the  appropriate  aging 
models  requires  intuition  and  data  other  than  aging  data, 
as  well  as  the  resonator  aging  data.  Inappropriate  aging 
models  can  sometimes  be  identified  with  resonator  aging 
data  alone.  Some  very-low-aging  resonators  appear  to 
exhibit  a  linear  frequency  change  with  time  after  some 
stabilization  period.  It  may  be  that  data  on  resonators 
with  log-time  aging  and  an  extended  stabilization  period 
may  appear  to  be  linear  over  a  particular  measurement 
time  frame,  such  as  S  years. 

There  may  also  be  apparent  resonator  aging  mechanisms. 


i.e..  drift,  which  exhibit  linear  time  dependence.  For 
example,  resonator  frequency  changes  due  to  continuous 
low  level  radiation  from  qiace  or  background  sources 
might  be  linear. 

Crystal  resonators  may  have  many  kinds  of  aging 
mechanisms.  Since  the  various  aging  mechanisms  can 
cause  both  positive  and  negative  aging,  compensation 
among  the  various  mechanisms  is  possible.  This 
compensation  may  occur  during  the  early  history  of  the 
resonator  and  then  become  ineffective  later,  or, 
occasionally,  it  may  occur  years  after  the  aging  starts.  For 
this  reason  great  care  must  be  taken  to  characterize  the 
aging  mechanisms  associated  with  a  particular  resonator 
fabrication  technology  over  a  sufficiently  wide  range  of 
temperatures  and  time  before  aging  predictions  can  be 
validated  or  qualified.  After  the  fabrication  technology  is 
qualified  to  produce  low-aging  resonators  for  the  required 
times  and  temperatures  of  the  application,  subsequent 
production  must  be  monitored  to  assure  that  the 
manufacturing  process  remains  in  qualification. 

Conclusions. 

1.  Even  though  several  possible  aging  mechanisms 
are  well  understood,  the  aging  of  resonators  is  still  not 
weU  understood. 

2.  Aging  performance,  including  variations  with 
temperature  and  drive  level,  depends  on  the  resonator 
design  and  fabrication  technology. 

3.  Many  processing  deviations  can  degrade  aging 
performance. 

4.  High  temperature  processing  seems  necessary  (but 
not  sufficient)  for  the  production  of  low-aging  resonators. 

5.  The  SC-cut,  and  modern  ultrahigh  vacuum  and  high 
temperature  fabrication  techniques  have  resulted  in 
resonators  which  achieve  low-aging  in  a  shorter  period  of 
time  than  the  best  resonators  made  a  generation  ago, 
however,  the  aging  of  the  best  modem  resonators  after 
extended  periods  is  no  better  today  than  what  was  reported 
for  the  best  resonators  in  the  1960s. 

6.  Accelerated  aging  studies  are  useful  for  process 
control.  Using  accelerated  aging  data  for  long  term  aging 
predictions  is  possible,  but  considerable  woric  and  expense 
are  required  to  reduce  the  risk  of  error  to  acceptable 
confidence  levels. 
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7.  The  best  reproducible  long  term  aging  rales  seem 
to  be  a  few  times  10  "  per  day.  Occasional  resonators 
exhibit  aging  rates  of  a  few  times  lO  '^  per  day  after 
extended  periods. 

8.  Environmental  changes  can  produce  frequency 
changes  that  appear  to  be  aging.  This  apparent  aging  is 
now  called  "drift" 

Although  the  state-of-the-art  in  the  long  term  aging  of 
low-aging  resonators  has  been  on  a  pbteau  for  more  than 
a  generation,  there  is  no  reason  to  believe  that  the  factors 
responsibl  '  for  limiting  the  achievable  long  term  aging  are 
in.surmountable.  The  dcfmitive  experiments,  in  which  all 
known  aging  mechanisms  are  minimized,  are  yet  to  be 
performed.  It  is  the  authors’  hope  that  the  review  in  this 
paper  will  assist  future  researchers  in  the  design  of 
experiments  that  result  in  significant  improvements  in 
aging. 
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Abstract 


Experimental 


The  process  of  heterogen-cataly- 
tlc  reactions  of  deep  hydrocarbons 
oxidation  at  the  plated  electrode  sur¬ 
face  over  a  wide  temperature  range 
(20°C  to  500°C)  is  described.  It  is 
shown,  that  the  existence  of  Na  and  Ca 
type  contaminants  accelerates  and 
those  of  S  and  Cr  slower  the  reaction 
rate.  Direct  relation  between  the 
positive  component  of  quartz  crystal 
unit  ageing  and  the  value  of  catalytic 
activity  of  electrode.  Silver  emission 
from  the  electrode  surface  accompai^r- 
ing  catalytic  selver  oxidation  both 
during  the  manufacture  and  the  storage 
of  quartz  crystal  units  was  detected. 


The  processes  taking  place  within 
the  resonator  volume  can  be  classified 
into  quick  and  slow  ones.  The  activation 
energy  of  the  quick  processes  corres¬ 
ponds  to  the  energy  of  disperse  interac¬ 
tion  of  residual  gases  with  the  surface 
of  the  order  of  10“2  gV.  Over  this 
energy  range  a  dynamic  equilibrium  is 
quickly  established  between  the  surface 
regions,  and  these  processes  do  not 
influence  the  ageing.  The  activation 
energy  of  slow  processes  is  equal  to  or 
is  higher  than  the  energy  of  hydrogen 
bonds.  Thus,  sorbtion  and  desorbtion  - 
are  the  essence  of  the  initial  and  the 
final  stages  of  slow  surface  and  presur¬ 
face  processes  going  on  with  different 

7  R 

characteristic  times  up  to  10'  -  10  s, 
which  corresponds  to  characteristic 
times  of  catalytic  reactions  under  low 
pressures. 


Introduction 


Ageing  continues  to  remain  one  of 
the  most  urgent  problems  of  further 
crystal  unit  improvement.  In  order  to 
resolve  it,  the  amelioration  of  synthe¬ 
tic  quartz  crystal  growing  process  is 
necessary,  ensuring  its  high  homogenei¬ 
ty  and  improvement  of  the  material 
structure ;  the  search  for  new  double- 
rotated  crystal  cuts;  development  of 
the  present  state-of-the-art  techniques 
of  surface  treatment  and  techniques  of 
removing  surface  contaminants ;  use  of 
ion-beam  techniques  for  treatment  of 
crystal  unit  details ;  development  of 
new  design  solutions  etc.  This  paper  is 
an  attempt  to  consider  the  poorly  in¬ 
vestigated  mechanism  of  crystal  unit 
frequency  variations  depending  on  metal¬ 
lized  piezoelectric  elements, namely, 
the  interaction  of  electrode  material 
with  the  environment. 


Pig,  1  ;  Part  of  mass-spectres  over  the 
range  of  45-1000  a.m.u,  at  the  isomet¬ 
ric  portion  400°C  of  piezoelectric 
elements  for  crystal  units  after 
hermetical  sealing 

Pig.  1  shows  a  part  of  a  mass- 
spectre  of  piezoelectric  elements  for 
quartz  crystal  units  after  their  herme¬ 
tical  sealing  in  an  enclosure.  The  peaks 
55,  67,  78  and  91  a.m.u,,  serve  as  an 
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Indication  of  the  presence  of  different 
hydrocarbon  compounds  on  the  electrode 
surface. 

Analysis  of  a  mass-spectre  of 
negative  secondary  ions  coming  from  the 
surface  of  the  crystal  unit  electrode 
(Fig. 2)  showed  the  existence  of  an  in¬ 
tense  peak  equal  to  16  a.m.u.,  v/hich  is 
connected  with  the  presence  of  oxygen 
in  silver  electrode.  It  does  not  con¬ 
tradict  to  the  data  given  in  a  number 
of  papers  dealing  with  investigation  of 
forms  of  oxygen  adsorbed  at  the  surface 
of  silver  single  crystals  at  room  tem¬ 
peratures  tl ,  2]  .  As  distinct  from 
other  gas  impurities  oxygen  strongly 
adsorbs  and  dissolves  in  silver 
electrode,  oxygen  dissolubility  being 
increased  with  the  increase  of  the 
temperature  of  thermal  treatment, 
which  agrees  well  with  the  results 
described  in  paper  1  . 


H 


I 


xIO 

0" 

OH 


^  -  --  - 

20  m  /i 


destructive  oxidation  of  hydrocarbon  to 
take  the  form  of  COg  and  H2O.  Therefore, 

the  intense  peaks  of  44  and  18  a.m.u., 
found  by  thermodesorbtion  mass-spectro¬ 
metry  while  studing  electrodes  of  quartz 
crystal  units  can  be  explained  by  deep 
oxidation  of  hydrocarbons  at  the  electro¬ 
de  surface.  This  is  the  reason  for  enhan¬ 
cement  of  CO2  and  H2O  peaks  intensity  de¬ 
pending  on  the  interoperational  storage 
time  and  on  the  presence  of  tuning 
spots,  because  the  hydrocarbon  sorbtion 
takes  place  without  saturation  L4j  and 
is  determined  by  oxigen  concentration 
value  at  the  electrode  surface.  There¬ 
fore,  the  yield  of  the  reaction  increa¬ 
ses  in  this  case. 

Thus,  during  thermal  treatment 
under  vacuum  or  in  the  air,  the  surface 
of  electrodes  is  released  from  absorbed 
hydrocarbons  owing  to  the  catalytic 
oxidation  of  hydrocarbons  up  to  CO,  and 

HgO. 


In  the  process  of  catalytic  oxida¬ 
tion  of  hydrocarbons  a  silver  atoms 
emission  from  electrode  surface  was  ob¬ 
served  r5l  .  The  theoretical  value  of 
desorbtibn  energy  of  silver  atoms  is  ap¬ 
proximately  0,5  eV  [6^  .  The  energy  ge¬ 
nerated  during  hydrocarbons  oxl'^atinn 
with  the  formation  of  hydroxyl  bond 
only,  equal  to  5.1  eV  under  condition 
that  the  hydrocarbon  bond  is  completely 
destroyed.  Under  assumption  that  the 
hydrocarbon  bond  is  not  destroyed,  the 
energy  difference  -  ®0-H  '^0 

0,46  eV.  This  is  rather  close  to  the 
energy  value  for  the  silver  atom  desorb- 
tion.  It  follov/s  from  this  that  cataly¬ 
tic  reactions  are  observed  at  the 
electrode  surface,  accompanied  by  silver 
atoms  emission. 


Pigo  2:  Part  of  mass-spectre  of  nega¬ 
tive  secondary  ions  going  from  the 
silver  electrode  surface  of  a  quartz 
crystal  unit  over  the  range  of 
1 -20  a.m.u. 


The  intense  negative  peak  0  of 
oxygen  obtained  by  SIT, IS  method  in  the 
freshly  evaporated  silver  electrodes  can 
be  compared. to  the  results  published  in 
the  paper  [ij  ,  where  by  using  the  RSCA 
method  dissociatively  adsorbed  oxygen 
was  found,  i.e.  oxygen  existing  in  an 
atomic  form,  the  molecular  form  of  oxy¬ 
gen  being  completely  desorbed  already 
at  the  temperature^  of  100°C.  Oxygen  in 
the  atomic  form  [3])  takes  part  in  a  deep 


Resonator  ageing 

Experimental  results  showed  that 
the  values  of  catalytic  activity  of 
crystal  unit  electrodes  manufactured  in 
a  single  technological  cycle  differ, 
nevertherless.  This  differentation  is 
observed  not  only  between  electrodes  of 
different  resonators, but  also  at  the 
electrode  surface  of  a  single  resonator. 
The  catallthic  activity  of  electrodes 
was  determined  as  follows.  The  crystal 
unit  was  Inserted  in  a  vacuum  chamber, 
where  hydrocarbon  similar  forms  of  radi¬ 
cals  of  C^Hg  type  were  formed.  An  initi¬ 
ator  of  broken  bonds  was  widely  used, 
which  constituted  plasmatron  of  homopolar 
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Pig,  35  Typical  curves  of  crystal  unit  ageing  at  the  storage 

temperature  of  1 00°C 


type,  localizing  gas  discharge  under 

_2 

the  pressure  of  order  10  Pa  within  a 
small  chamber  volume ;  the  crystal  unit 
without  enclosure,  connected  to  the 
oscillator  being  placed  at  the  opposite 
part  of  the  chamber.  Thus,  the  correla¬ 
tion  was  realized  between  catalytic 
reactions  taking  place  at  the  electrode 
surface  and  frequency  deviations  without 
amendment  of  the  mechanism  of  the  main 
ageing  phenomenon  because  during  hydro¬ 
carbon  absorption  radical  similar  forms 
appear  on  metals  t  during  cataly¬ 
tic  oxidation  of  which  COg  and  H2O  are 

formed.  Figure  3  shows  ageing  curves  for 
a  crystal  unit  group  with  silver  elec¬ 
trodes,  At  t°»1000  h  the  crystal  units 
chosen  for  investigation  having  positive 
and  negative  frequency  shifts  were  in¬ 


serted  in  the  chamber  for  the  analysis 
of  catalytic  activity  of  electrodes 
with  their  enclosures  removed.  The  crys¬ 
tal  units  with  positive  frequency  devia¬ 
tions  had  electrodes  in  the  catalysis 
area,  and  with  the  negative  ones  - 
beyond  its  limits.  In  the  test  chamber 
the  following  processes  occured.  In  the 
first  case  the  hydrocarbons  of  radical 
similar  forms  reacted  actively  with  the 
electrode  causing,  in  particular,  silver 
atoms  emission  from  the  surface.  The 
frequency  was  elevated  during  this 
process.  In  the  second  case  the  hydro¬ 
carbons  being  sorbed  at  the  surface, 
were  polymerized  and  the  frequency  of 
the  crystal  unit  was  lowered. 
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Conclualon 


Prom  the  above-muntioned  analyals 
it  follows  that  on  the  manner  of  crystal 
unit  ageing  is  influenced  by  the  mass- 
transfer  process  from  the  surface  of  a 
piezoelectric  element,  which  in  Its 
turn,  is  determined  by  the  catalytic 
activity  of  electrodes. 
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Abstract 

Vibration  aodes  in  thin  quartz 
aeabranes  are  considered.  Assuaing 
vibration  aodes  to  be  highly  trapped  in 
the  vicinity  of  the  nearly  spherical 
central  region  of  the  aeabranes,  to  the 
first  approach  the  boundary  condition  at 
the  periphery  region  are  ignored. 

A  hollow  cathode  aaskless 
plasaa  etching  method  for  fabrication  of 
thin  quartz  aeabranes  is  presented.  A 
special  geoaetric  arrangeaent  of 
electrodes  and  substrata  allows  the 
complete  plasma  structure  (plasma 
sheath,  bulk  plasaa)  to  be  transferred 
to  the  substrata  area  during  the  etching 
process.  The  process  has  successfully 
been  applied  for  preparing  thin  quartz 
membranes  with  plane-convex  and 
plane-parallel  shape  and  thicknesses  of 
less  than  5  -m. 

The  aeabranes  are  used  for 
realization  of  bulk  acoustic  wave 
resonators  at  fundaaental  frequencies 
over  60  MHz  and  their  electrical 
characteristics  are  presented. 

1 .  Introduction 

The  fabrication  of  high 
frequency  quartz  resonators  is  limited  by 
the  level  of  technological  equipment  for 
preparation  of  thin  quartz  plates.  By 
using  modern  mechanical  methods  for 
lapping  and  polishing  of  quartz  wafers  a 
thickness  of  80  i.a  can  be  obtained,  which 
corresponds  to  about  20  MHz  fundaaental 
resonance  frequency.  Lately  this  method 
has  been  considered  to  be  on  the  cutting 
edge  of  its  efficiency. 

To  overcome  these  problems 
plasma  etching  methods  have  been  used  to 
fabricate  thin  quartz  plates.  Etch  gases 
are  C-F  -  containing  systems  like  CF 


C  F  or  CHP  with  different  additives  in 
2d  3 

the  most  cases.  Common  plasaa  processing 
where  the  substrata  are  freely  supported 
on  a  wide  rf-electrode  (e.g.  in  II)) 
allows  only  a  full  area  thinning  of  the 
quartz  plates.  Very  thin  plates  (several 
cm)  can  be  etched  in  this  way.  However, 
these  plates  are  unhandily  for  further 
treatment  (evaporation  of  electrodes, 
positioning  in  the  holders).  A 
lithographic  structuring  of  the  quartz 
blanks  fails  since  the  aask  material 
(photoresist,  A1 ,  Al^O^)  cannot  withstand 
the  aggressive  etch  process  (etch  rates 
reach  values  up  to  1  .a/ain).  To  avoid 
these  disadvantages  a  hollow  cathode 
etching  method  is  developed  excluding 
lithographic  pattering.  Structuring  is 
carried  out  by  the  confinement  of  the 
plasma  onto  the  desired  regions  of  the 
quartz  blank  using  hollow  cathodes  with 
corresponding  diameters.  Power 

concentration  and  hollow  cathode  effect 
provide  for  high  etch  rates  (several 
-’a/ain,  trapping  of  electrons  and 
therefore  higher  production  of  etch  active 
species  [8]).  The  quartz  aeabranes  etched 
with  the  hollow  cathode  technique  show  a 
high  mechanical  stability,  the  shape  of 
the  membranes  can  be  simply  varied  over  a 
wide  range  (plano-concave,  piano-parallel, 
plano-convex)  by  changing  processing 
pressure.  For  the  fabrication  and  the 
study  of  high  resonators  we  used  etched 
membranes  of  the  plano-convex  type  (Figs. 
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1.  3d) 


The  vibration  Modes  in 

plano-convex  quartz  resonators  were 
analyzed  and  solutions  for  coupled 
thickness  shear  and  thickness  twist 
vibrations  were  obtained  12t  3].  In  these 
analyses  the  change  in  the  thickness, 
which  results  froa  the  contouring,  is 
sMall,  coapared  to  the  thickness  of  the 
plate.  Since  the  nodes  is  highly  trapped 
in  the  plate  center,  the  edge  was  ignored, 
which  sinplified  the  analysis.  The  energy 
trapping  effect  is  due  to  both  contouring 
and  electroded  area  impact.  It  is  known 
that  a  given  node  of  vibration  is 
characterized  with  a  certain  mechanically 
active  region  and  the  dimension  of  this 
region  is  determined  by  an  equivalent 

resonant  radius  (4,  S].  In  the  case 

« 

considered  here  if  the  dimension  of  the 
mechanically  active  region  is  smaller  than 
the  internal  membrane  diameter  the 
influence  of  the  peripheral  region  can  be 
ignored  too.  A  relationship  similar  to 

this  for  a  flat  plate  is  used  to  calculate 

the  vibration'  mode  frequencies  of  the 
membranes . 

2 .  Vibration  modes  in  thin 

membrane j . 

A  schematic  diagram  of  a 

membrane  resonator  is  shown  on  Fig.  1. 

•  As  it  is  shown  in  [2]  the 

fundamental  vibrations  in  AT-cut  quartz 

resonators  are  the  coupled  thickness  shear 

(TS)  and  thickness  twist  (TT)  ones.  The 

modes  of  the  coupled  TS-TT  vibrations  in 

circular  contoured  plates,  referred  to  the 

XXX  axes  are  described  by 
12  3 

u  (x  ,x  ,x  ,t)  = 

112  3 

=  u( x^ , x^  )sin( kx^ )exp( i.  t ) ,  (t) 


where  k  =  n''/2h  is  the  thickness  wave 
number,  n  =  1,3,5...  is  the  number  of  the 

harmonic  overtone,  2h  is  the  thickness  of 

the  crystal  in  the  X  direction,  and  .  is 

2 

the  eigenf requency  of  vibration.  If  u  is  a 

constant,  (1)  describes  a  plane  shear 

standing  wave,  reflected  from  the  two 

surfaces  and  represents  the  modes  of  an 

infinite  (in  the  X  -  X  plane)  flat 

1  3 

crystal.  In  the  case  of  a  finite  crystal  u 

is  a  function  of  x  and  x  .  The  various 
1  2 

values  of  u(x  ,x  )  possible  for  each  n 
1  a 

determine  the  anharmonic  overtone  modes, 
each  characterized  with  a  resonant 
frequency . 

The  inhomogeneous  differential 
equation,  governing  coupled  TS-TT 
vibrations  is  [2]: 


+ 


2  2 


d 


2  ■ 
U 


dt 


c  2h 
60 


(2) 


here  j  is  the  frequency,  c  ,  e  are 

the  elastic  and  piezoelectric  constants,  - 

is  the  density  of  quartz  and  M  is  a 

constant,  which  depends  on  the  elastic 

constants  of  quartz  and  the  harmonic 

number  n  [1,  2].  This  equation  can  be 

generalized  to  describe  a  contoured  plate 

simply  by  allowing  h  to  be  a  slowly 

varying  function  of  x  and  x  ,  i.e.  h  = 

1  3 

h(x  ,x  )  and  consequently  k  =  k(x  ,x  )  = 

13  13 

m~/h(x  ,x  ).  In  our  case  the  thickness  of 
1  3 

the  plate  is  nearly  constant  in  the 

central  region  (wnere  ( x^  +  x^  )*  ^  <  d/2) 

I  3 

and  is  a  quickly-varying  function  of  x 

1 

and  X  in  the  periphery  region  (where  ( x* 
3  i 

2  12 

-f  X  )  >  d/2).  Since  the  vibration  nodes 

3 

are  assumed  to  be  highly  trapped  in  the 
vicinity  of  the  contoured  plate  center,  to 
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the  first  approach  the  boundary  condition 
at  the  periphery  region  can  be  ignored. 

The  resonant  frequencies  of  a 
flat  plate  are  given  by: 


f 


N 


O 


(3) 


1  ' 

where  N  =  -  V  c  /.:  is  the  frequency 

2  <50 

factor  for  an  infinite  flat  plate. 

The  resonant  frequencies  of 
contoured  piezoele«ent  can  be  expressed  by 
a  relationship,  similar  to  (3)  as  follows: 


f 


N 

2h(e  )  * 

»* 


(4  ) 


where  2h(  )  is  the  equivalent  resonance 

thickness  for  any  (nmp)  vibration  mode. 
The  radial  coordinate  ^  ,  defined  as  an 

equivalent  resonance  radius,  on  which  the 
equivalent  resonance  thickness  depends 
( 3  I  ,  is  g i ven  by : 

(2h  )^d^ 

_ o _ 

2  /  2  2 
n  •{R  -  V  H  -  d/4) 


Km  /c  (2b  +1  )  +  y  c  /c  (2p  +  1  ) 
'  6<5  r»ri  <46 


.  1  2 


and  we  can  obtain  for  2h('  ): 


2h(  )  =  2h 


1  + 


2  (R  -  V  -  d^/4  ) 


2h  »  </  /4 


•.]  • 


(5) 


A  given  mode  of  vibration  is 
characterized  with  a  certain  mechanically 
active  region  of  the  piezoelement  beyond 
which  u  =0.  The  dimension  of  this 
reg ion  is  [31: 


d"^  =  mini  2  ^1.06'^  ,2  0.94  )  . 

tuo  lOO 

Here  the  central  region  of  the 
membrane  is  almost  spherical  and  in  order 
to  use  (4)  is  sufficient  that  d  >  d  . 


3  .  Hoi  low  cathode  pi a»a  etch ing 
method  for  preparation  p_f  thin  quartz 
membranes 

The  etching  process  was  done  in 
cylindrical  glass  vessel  with  a  volume  of 
30  1.  The  electrode  system  is  located  in 
the  center  of  the  vessel.  The  ground 
electrode  surround  the  rf-electrode  as 

cylindrical  shield.  With  some  cm  thick 
PTFE  the  electrodes  are  electrically 
separated  each  from  another.  The  top  of 

the  rf-electrode  contains  the  hollow 
cathode . 

One  hollow  cathode  arrangement 
is  given  in  the  scheme  of  Fig.  2.  The  real 
hollow  cathodes  are  cylindrical  holes  in  a 
graphite  plate.  Graphite  was  chosen  as 

hollow  cathode  material  since  no 
redeposition  effects  occur  in  the 
C-CF  -SiO  -  system  that  may  cause  a 

4  2 

considerable  roughness  on  the  etched 

surface.  The  dimensions  of  the  hollow 
cathodes  that  have  been  used  in  the 
experiments  are  5  mm  in  height  and  5  mm  in 
diameter.  The  edge  (1.5  mm)  of  the  quartz 
blank  is  covered  by  the  graphite  plate  to 
confine  the  plasma  onto  the  central  part 
of  the  blank.  In  this  way  the  edge  of  the 
sample  remains  at  the  initial  thickness 
during  the  etch  process  and  the  etched 
membrane  of  several  offers  a  sufficient 
mechanical  stability.  The  quartz  blank  for 
itself  rests  on  the  rf-electrode  (copper) 
which  has  a  diameter  of  only  .5  mm  for 
power  concentration.  In  this  case 
isolation  of  the  rf-electrode  against 
unrequited  power  dissipation  is  made  from 


108 


ceramics  because  of  its  heat  resistance. 

The  rf-power  (27.12  MHz)  is 
applied  to  the  reactor  asymmetrically.  The 
plasma  facing  area  of  the  ground  electrode 
is  assumed  to  be  large  enough  to  allow  a 
considerable  self-bias-voltage  with 

respect  to  the  plasma  potential  to 
develop.  To  get  a  high  self-bias-voltage  a 
high  electrode  surface  area  ratio  of  mass 
electrode  to  rf-electrode  is  necessary 
(6).  The  se 1 f-b i as- vol tage  accounts  for 
the  acceleration  of  the  positive  ions  that 
impinge  on  the  surface  of  the  quartz,  to  b<^ 
etched  and  is  therefore  responsible  to  the 
rate  in  the  ion  induced  et.ch  process  of 

S  iO  ( 7  ]  . 

2 


The  AT-cut.  single  crystal  quartz 
blanks  used  in  t.he  experimt-nts  are  about. 
100  urn  t.hick  and  have  diameter  of  8  mm. 
The  samples  are  polished  on  both  sides. 

Kl.ch  gas  is  CF  in  all  cases  in 


4 

a  closed  system.  After'  fi  min 
thf*  gas  has  been  renewf'd. 
processing  time  of  t<10  min  no 
def:rease  of  I  hf*  etch  rate 
observed . 


process i ng 
During  a 
remarkabl e 
has  been 


The  di.scharge  cannot  be 
conc«*nl  rated  completely  i  nt.o  t.he  hollow 
cathodes,  a  certain  amount  of  power  is 
dissipated  in  tlu'  l  oinmon  glow  il  i  st:harge 
existing  in  front  of  the  graphite  plate 
(Fig.  2).  Thus,  the  rf-power  we  indicate 
in  the  paper  is  the  l.ot.al  power  input  as  a 
gross  valur-. 

EI.rh  ili'pth  arirl  profiles  have 
been  measured  by  means  of  optical 
microscopy  focusing. 


1  .  Fxptr  r  i  merits  an<l  resu  Its. 
Without,  the  graphit.e  plate  in 
Fig.  2  (non  hollow  r^al.hode  moilir )  one  kind 
of  profile  shape  can  be  etched  (Fig.  3a). 
The  profile  is  <le1  i*rni  i  ned  by  t.he 
rf-el  ect.rode  <liamel.«rr.  As  lowirr  tlu' 


pressure  as  flatter  the  central  etched 
region  of  the  sample  is.  Convex  profiles 
have  not  been  yielded  at  all. 

Figs.  3b-d  demonstrate  the 
development  of  profile  shapes  in  the 
hollow  cathode  mode  with  increasing 
pressure.  The  complete  overlapping  of  the 
glow  lights  (part  of  plasma  sheath)  is 
followed  by  a  strong,  concave  etch  profile 
(Fig.  3b).  A  structure  like  that  in  Fig. 
3t;  is  obtained  at  a  pressure,  where  the 
glow  light  regions  in  the  plasma  begin  to 
divide.  The  diameter  of  the  very  flat  ar-ea 
in  the  center  of  the  structure  (+/-  1  i-m 

wav  i  ness)  is  of  about  one  half  of  t.he 
diameter  of  the  hollow  cathode.  Further 
increasing  of  the  pressure  values  (p  >  450 
Pa)  results  in  more  and  more  convex  etch 
striK'tures  (Fig.  3d).  The  physical 
background  of  the  describeil  etch  profiles 
in  ilependence  of  operation  pressure  is  the 
d  i  st.r  i  bu  t.  i  on  of  the  particles  in  the 
plasma  that  take  part  in  the  etching 
proc€>ss.  An  example  of  l.h<'  radial  density 
d  i  .si.  r  i  but.  i  on  of  c-harge  carriers  in  a 
hollow  cat.hode  discharge  is  given  in  Pig- 
4  (8].  Itt  other  papers  [9,10]  similar 
radial  density  d  i  st.  r  i  but.  i  ons  of  excited 
sp<»cies  in  hollow  (tat.hi>de  discharges  are 
given.  For  that  ,  most  of  the  etch  active 
part.i»:les  (  ions  as  w<“l  1  as  radicals)  hav>' 
t  In*  i  r  origin  in  the  glow  light.  region  of 
the-  plasma  sheath  t.hat.  li-ads  to  the 

highest  et.r;h  rat.es  in  the  immediate 

rre  i  ghborhooil  of  the  plasma  .sheath  along 
tlu!  hollow  i:athod€r  walls.  The  ini:rease  atitl 
dr’crease  of  t.he  plasma  sheath  with 
altering  pres.sure  c.ausfrs  an  aerroroing 

change  In  t.he  et.ch  profiles. 

Silver  elecH.rodes  with  a 

diameter  of  2  mm  and  a  t.hickness  of  800  « 

are  d<’posit.ed  on  t.he  cent.ral  part  of  the 
ra«*mbranes  by  var:uum  I'vapo rat  i  on .  Thr'se 
r-<!souance  systems  are  fixed  in  holders  for 
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M2P-standard  miniature  resonators. 

Fig.  5  is  the  frequency  spectrum 
of  a  resonator  from  the  type  in  Fig.  3d. 

Table  1  gives  the  theoretical 
predictions  calculated  by  (4)  and  the 
experimental ly  observed  resonance 

vibrations  in  the  vicinity  of  the  main 
resonant  mode  for  the  same  membrane 
resonator . 

Table  1.  Frequency  spectrum  (measured  and 

calculated  in  n  =  1 )  for  a  membrane 

resonator  with  2h  =  21  .m,  R  =  430  mmi 
o 

d  =  3  mm,  d  =0.64  oia 


n 

a 

P 

f 

rmp 

Measured 

[MHz] 

Calculated 

■  f  («■ 

1 

0 

0 

62.96 

62.98 

0.302 

1 

0 

2 

63.52 

63.54 

0.502 

1 

2 

0 

63.78 

63 . 68 

0.543 

1 

0 

4 

- 

64.09 

0.643 

1 

2 

2 

64 . 26 

64.23 

0.675 

1 

4 

0 

64 . 36 

64 . 38 

0.706 

1 

2 

4 

64.78 

64 . 78 

0.785 

1 

4 

2 

64.92 

64.92 

0.812 

1 

4 

4 

65.50 

65.46 

0.906 

In  previous  publications,  where 

the  vibration  modes  of  circular  contoured 

plates  are  investigated,  only  solutions  of 

(2)  with  m,  p  =  0,  2,  4...  are  assumed  to 

exist  because  of  symmetry  in  X  and  X 

1  3 

direction  (2).  In  most  cases  however,  the 
real  samples  are  not  exactly  symmetrical 
(e.g.  for  technological  imperfections)  and 
vibration  modes  with  odd  values  of  m  and  p 
appear  in  the  frequency  spectra.  The 
frequencies  of  these  modes  can  be 
calculated  by  (4)  and  can  be  observed  in 
Fig.  5  (some  of  the  modes  interact  and 
cannot  be  identified). 

5 .  Conclusions 

Hollow  cathode  rf  plasma  etching 
turns  out  to  be  an  appropriate  method  for 
the  fabrication  of  thin  quartz  membranes. 
The  membranes  are  mechanically  stabilized 


by  a  surrounding  edge  and  can  be  etched  in 
different  profile  shapes  in  dependence  on 
the  operation  pressure.  With  CF  as  feed 

4 

gas  etch  rates  of  several  .m/min  are 
possible.  The  quartz  membranes  with  plano¬ 
convex  central  profiles  are  the  basic  part 
of  high  frequency  bulk  wave  resonators. 

The  frequencies  of  AT-cut 
membrane  resonators  can  be  predicted  with 
sufficient  accuracy  by  assuming  that  the 
energy  of  the  vibrations  is  trapped  in  the 
nearly  spherical  central  region  of  the 
membranes.  A  good  agreement  between 
theoretical  and  experimental  values  was 
observed.  The  results  obtained  show  the 
complexity  of  the  problems  related  to  the 
design  and  fabrication  of  membrane 
resonators  with  good  electrical  and 
mechanical  characteristics." 
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ABSTRACT 

An  X-ray  machine  is  presented,  which  allows  the 
sorting  of  quartz  blanks  at  the  beginning  of  the 
manufacturing  process.  The  cycle  time  is  about  5 
sec's  with  an  X-ray  exposure  time  of  2  sec's.  The 
standard  deviation  of  this  instrument  is  about 
6''  of  arc.  Blanks  can  be  sorted  into  25  boxes, 
each  of  typically  15''  of  arc.  The  range  of  the 
cutting  angle  is  about  ^  5°  around  the  AT-cut.  A 
PC-AT  386-25  computer  controls  measurements. 
Movements  are  controlled  by  a  CNC  device.  High  so¬ 
phisticated  statistic  programs  allow  a  permanent 
observation  of  the  sorting  process. 


INTRODUCTION 

Quartz  crystals  are  mainly  used  as  stabilizing 
elements  in  oscillator  circuits.  To  reduce  drift 
of  resonant  frequency  with  varying  temperature  the 
blanks  are  cut  from  the  raw  Quartz  block  with  a 
distinct  cutting  angle  between  their  surface  and 
a  selected  lattice  plane  as  e.g.  the  widely  used 
AT-cut.  To  minimize  temperature  dependence  this 
angle  has  to  be  kept  in  close  tolerance  -  almost 
down  to  a  few  seconds  of  arc. 

One  of  the  useful  methods  for  accurate  measure¬ 
ment  of  the  cutting  angle  applied  for  decades  of 
Quartz  technique  is  X-ray  diffraction.  Two  major 
disadvantages  of  this  method  -  long  exposure  times 
and  complicated  adjustment  -  made  it  unsuited  for 
high  production  output  of  modern  oscillator  manu¬ 
facturing.  it  had  been  restricted  to  some 

basic  invest iq.itions  or  to  spot-checks  in  the  manu¬ 
facturing  process,  although  a  continuous  check  of 
the  raw  blanks  could  increase  yields  drastically. 

Our  newly  developed  AT-cut  sorting  machine 
allows  for  cutting  angle  determination  with  stan¬ 
dard  deviations  of  less  than  6''  of  arc  at  cycle 
times  of  about  5  sec  (including  2  sec  X-ray  ex¬ 
posure  time). 

METHODS 

The  diffraction  of  X-rays  by  a  certain  lattice 
plane  follows  Bragg's  law 

sin  0g  =  nA/2d 

0g  =  Bragg  angle,  X  =  wavelength  of  X-rays,  n  = 

order  of  reflections,  d  =  lattice  plane  distance. 

The  Bragg  angle  is  about  27  degrees  for  a 
quartz  lattice  at  the  0222  lattice  plane  and  Cu 


radiation. 

In  a  setup  with  X-ray  source  and  detector  fixed 
in  a  suited  "reflecting"  position  (Fig.  1),  rota¬ 
ting  the  blank  around  an  axis  vertical  to  its  sur¬ 
face  will  show  reflections  at  two  different  angu¬ 
lar  positions  (Fig.  2). 


Fig.  1:  Diagram  of  X-ray  reflection 


Fig.  2:  X-ray  intensity  as  a  function  of  the 
crystal  rotation 

The  cutting  angle  is  related  to  the  angular 
distance  of  these  two  reflections  and  can  be  cal¬ 
culated  from  it.  For  an  AT-cut  and  the  0222  lat¬ 
tice  plane  the  transfer  ratio  is  about  1  :  60, 
which  means:  to  get  a  cutting  angle  resolution  of 
about  6"  of  arc  the  angular  distance  of  the  re¬ 
flections  must  be  measured  with  an  accuracy  of 
about  0.1°. 

APPARATUS*^ 

The  main  parts  of  the  instrument  (X-ray  source, 
^^Manufactured  by  EFG  GmbH,  Berlin 
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detector  and  rotating  blank  holder)  are  mounted  on 
a  granit  table  for  stability.  The  blank  holder  ro¬ 
tates  around  a  vertical  axis  at  a  speed  of  0.5/ 
sec . 

X-ray  tube,  blank  and  detector  are  positioned 
following  Bragg's  law  (Fig.  3). 


Fig.  3;  Rotating  blank  holder,  feeding  arm  (right), 
distribution  arm  (left).  X-ray  tube  colli¬ 
mator  (left),  detector  collimator  (right). 

The  position  of  the  X-ray  tube  with  a  0.5  mm 
collimator  determines  the  direction  of  the  inci¬ 
dent  beam;  the  accuracy  of  its  angle  adjustment 
has  to  be  within  3''  of  arc.  The  position  can  be 
changed  in  a  range  of  about  5°  to  cover  applica¬ 
tions  for  other  cutting  angles. 

During  the  exposure  the  blank  is  mounted  on  a 
3  pin  support  and  fixed  to  it  by  underpressure. 

The  support  needs  to  have  a  high  precision,  be¬ 
cause  tenth  of  a  micron  dislocation  leads  to  sig¬ 
nificant  mismeasurements  of  the  cutting  angle. 

Even  small  deviations  between  the  vertical  of 
the  blank  and  the  rotation  axis  (eccentricity)  re¬ 
sult  in  an  noticeable  increase  of  the  errors  in 
measurement.  So  mechanical  and  computer  correc¬ 
tions  are  necessary.  Handling  of  the  blanks  starts 
with  picking  up  the  blanks  from  a  tube  magazine 
which  contains  up  to  1000  blanks  to  be  sorted.  The 
feeding  arm  transports  the  blanks  into  the  measur¬ 
ing  position.  The  measuring  time  of  2  sec's  is  de- 
vided  in  4000  intervalls,  in  which  the  X-ray  data 
are  collected  and  stored  to  an  external  buffer, 
from  which  the  data  are  read  from  the  control  com¬ 
puter  in  a  single  block  transfer.  After  the  2  sec’s 
exposure  the  distribution  arm  moves  the  blanks  to 
one  of  the  25  boxes  (Fig.  4). 

For  special  investigations  single  selected 
blanks  can  be  measured  too. 

Data  evaluation  is  done  by  a  PC-AT  386-25  while 
a  separate  CNC  unit  is  used  for  process  control. 

The  whole  machine  is  covered  by  a  plexiglas  box 
for  X-ray  and  dust  protection  as  well  as  for  tem¬ 
perature  control  (stability  about  1°C)  and  is 
mounted  on  a  rack  containing  the  X-ray  generator 
and  the  CNC  control  device  (Fig.  5). 


Fig.  4:  X-ray  tube  and  detector,  rotating  blank 
holder,  sorting  magazine  for  25  boxes, 
distribution  arm. 


Fig.  5:  Complete  sorting  machine  without 
plexiglas  cover. 


RESULTS 

To  check  the  stability  and  resolution  of  the  ap 
paratus  the  same  blank  was  measured  in  a  fixed  po 
sition  on  the  3  pin  support  1000  times  (Fig.  6). 


TMIS  fO  »  '  pifrFtfU'-f  im  CUf ’inr; 


Fig.  6:  Peak  distance  values  from  1000  measure¬ 
ments  of  the  same  blank. 
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The  reproducibility  of  the  measurement  is  given  by 
the  standard  deviation  of  6''  of  arc  (Fig.  7). 


n 


STANDARD  DEVIATION  OF 
CUTTING  ANGLE.  3  6  ■ 

2  X  <r 


PEAK  DISTANCE 

Fig.  7:  Peak  distance  distribution  for  1000 
measurements  of  the  same  blank. 

Additional  sources  of  error  are:  eccentricity, 
non-parallelism  of  blanks,  surface  roughness, 
dust  e.a. 

Fig.  8  shows  the  results  of  sorting  600  blanks 
into  25  boxes. 


Miimh"t  of  VilonVi 


Fig.  8:  Sorting  result  of  600  blanks 
(sorting  time  less  than  1  h) 

Resorting  of  the  blanks  from  one  box  leads  to 
the  result  shown  in  Fig.  9. 


tlumbei  ol  bUniWs 


Fig.  9:  Resorting  of  box  11  from  Fig.  8. 


116 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


A  VERY  LOW  PROFILE.  SHOCK-RESISTANT.  SURFACE-MOUNTABLE 
QUARTZ  CRYSTAL  UNIT' 

R.  C.  SMYTHE,  Piezo  Technology  Inc. 

Box  547859,  Orlando.  FL  .12854 

J.  GREENSTEIN,  Coleman  Research  Corp. 

5950  Lakehurst  Dr.,  Orlando,  FL  32819 

J.  LIPELES,  International  Dynamics  Corp. 

316  Spring  Run  Circle,  Longwood,  FL  .32779 


Abstract 

A  very  low  profile,  surface-mountable  quartz 
crystal  unit  has  been  developed  capable  of  withstanding 
shock  levels  of  100,000  G’s  or  more.  The  new  resonator 
is  equally  well-suited  for  very  high  shock  applications, 
such  as  smart  projectiles  and  air-dropped  surveillance 
devices,  and  surface-mount  applications  where  an 
extremely  low  profile  and  small  footprint  are  required. 
An  AT-cut,  33  MHz,  3rd  overtone  unit  has  overall 
dimensions  of  .31  inch  (7.9  mm)  diameter  and  .05  inch 
(1.3  mm)  maximum  height.  The  unit  consists  of  a  top 
cover,  a  resonator  plate,  and  a  bottom  cover.  All  three 
pieces  are  made  of  identically-oriented,  polished  and 
deep-etched,  swept,  premium-Q  quartz.  A  finite- 
element  model  of  the  three-piece  sandwich,  constructed 
using  both  orthotropic  and  general-purpose  anisotropic 
elements,  allowed  the  unit  to  be  designed  to  the  high  G 
level.  To  obtain  the  necessary  material  properties, 
measurements  were  made  of  the  breaking  strength  of 
samples  of  the  quartz  used  for  a  range  of  surface 
treatments.  In  addition,  bond  shear  strength  and  bond 
tensile  strength  were  measured. 


Introduction 

Future  development  of  smart  weapons  and 
munitions  requires  the  availability  of  acceleration- 
hardened  electronics.  In  many  electronic  systems,  crystal 
resonators,  whether  used  in  oscillators  or  in  filters,  are 
the  most  fragile  components. 

Conventional  crystal  resonators  can  withstand 
shock  levels  from  a  few  tens  of  G’s  to  perhaps  a  few 
thousand  G’s.  A  major  development  in  the  acceleration¬ 


hardening  of  quartz  resonators  was  the  introduction  of 
deep  etching  (1-3),  which  greatly  increases  the  breaking 
strength  of  AT-cut  quartz.  Illustrating  this,  deep-etched 
quartz  resonators  which  can  withstand  as  much  as 
33,000  G’s  were  developed  some  years  ago  [4]. 

One  factor  limiting  the  robustness  of 
conventional  crystal  units  is  that  the  crystal  plate  is 
supported  by  two  to  four  small  metal  ribbons  or  wires 
which  are  bonded  to  the  edges  of  the  plate.  For  the 
crystal  units  reported  here,  the  resonator  plate  is 
sandwiched  between  two,  much  thicker,  cover  plates, 
making  an  extremely  stiff  three-piece  assembly.  Our 
design  objective  was  a  resonator  which  would  withstand 
100,000  G’s.  Finite-element  stress  analysis  indicates  that 
it  should  withstand  in  excess  of  500,000  G’s  if  rigidly 
supported. 


Description 

The  crystal  unit  developed  is  an  AT  cut 
operating  at  a  third  overtone  frequency  of  33  MHz. 
Typical  electrical  parameters  are  Q  =  150,000,  C,  = 
0.56  fF,  Rj  =  55  ohms,  and  €„  =  1.5  pF.  Overall 
dimension  are  0.310  inch  (7.9  mm)  diameter,  0.05  inch 
(1.27  mm)  maximum  height.  Figure  1  shows  a  cutaway 
view.  It  consists  of  a  resonator  plate,  approximately 
0.006  inch  (0.15  mm)  thick,  and  top  and  bottom  cover 
plates,  0.019  inch  (0.48  mm)  thick.  The  inner  face  of 
each  cover  has  a  shallow,  circular  recess  approximately 
0.001  inch  (0.025  mm)  deep.  The  three  pieces  are 
bonded  together  using  0.001  inch  (0.025  mm)  thick, 
annular  epoxy  pre-forms.  The  completed  unit  is 
intended  to  be  mounted  by  bonding  one  face  to  a 
suitably  stiff  substrate.  Electrical  connections  are  made 


'  This  work  was  sponsored  by  SDIO  and  monitored  by  USAF  Armament  Lab, 
Contr.  No.  F08635-90-C-0101. 
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tt)  two  mctallizeJ  terminal  regions,  not  visible  in  figure 
1,  on  the  rim  of  the  bottom  eover  plate. 


Fig.  1.  Cutaway  view  of  the  low-profile,  surface- 
mount  resonator.  Not  visible  are  metallized 
connection  pads  on  rim  of  bottom  cover. 


The  resonator  plate  and  cover  plates  are  made 
from  swept,  premium-Q  quartz,  and  are  polished  and 
then  chemically  etched  for  maximum  strength.  As  nearly 
as  possible,  the  crystallographic  orientations  of  the  three 
pieces  are  identical.  The  resonator  electrodes  are 
vacuum-evaporated  gold,  with  a  chrome  adhesion  layer. 


Materials  Testing 


Measurements  of  the  breaking  stress  of 
crystalline  quartz  have  been  reported  by  Bechmann  [5], 
Vig,  et  al  [1],  and  Chao  and  Parker  [6].  The 
measurements  by  Vig,  et  al  were  for  thin  AT-cut  plates 
and  indicated  that  deep  etching  ("chemical  polishing") 
greatly  increased  the  breaking  stress.  As  a  first  task  in 
the  structural  design  of  the  crystal  unit,  measurements 
were  made  of  the  breaking  stress  of  resonator  and  cover 
plates  for  a  range  of  surface  treatments,  to  supplement 
the  available  data.  A  finite-element  model,  constructed 
using  both  orthotropic  and  general-purpose  anisotropic 
elements,  allowed  the  measured  displacement  vs  force 
data  and  breaking  force  data  to  be  converted  to 
equivalent  stiffness  and  breaking  strength.  The  model 
also  allowed  the  average  breaking  stress  to  be  calculated 
from  Vig’s  data. 

Testing  was  carried  out  by  the  Materials  Testing 
Liiboratory  of  the  University  of  Florida  College  of 
Engineering,  Gainesville  and  Ls  reported  in  detail 
elsewhere  [7].  Each  specimen  was  simply  supported  by 
a  steel  ring  and  centrally  loaded  by  means  of  a  steel  ball. 


The  specimens  were  loaded  to  failure  with  an  MTS 
hydraulic  test  machine,  while  recording  both  load  and 
deflection.  Tests  were  made  of  unswept,  electronic 
grade  quartz  and  swept,  premium-Q  quartz,  both  from 
the  same  supplier.  Samples  were  mechanically  polished 
prior  to  etch.  The  amount  of  etch  ranged  from  none  to 
33.2  micrometers  (16.6  micrometers  per  side,  or  Af  = 
ZO-fifj.)  Etching  was  in  a  production  system  using 
saturated  ammonium  bifluoride  at  a  temperature  of  .S0° 
±  3°  C,  with  vertical  agitation.  Typically,  10  to  12 
samples  were  measured  for  each  combination  of  material 
and  surface  treatment.  Weibull  curves  were  fitted  to  the 
data  to  estimate  the  cumulative  probability  of  failure. 

Figure  2  shows  Weibull  plots  for  mechanically 
polished,  swept,  premium-Q  resonator  plates.  The 
plates  were  7.87  mm  (0.310  inch)  in  diameter  with  a 
thickness  prior  to  etch  of  166  ±  1  micrometers.  The 
upper  curve  is  for  unetched  plates;  the  lower,  for  plates 
etched  16.6  micrometers.  It  will  be  seen  that  etching 
has  increased  both  the  mean  breaking  strength  and  the 
variability  of  the  breaking  strength.  This  is  typical  of  all 
results  obtained.  This  increasing  variability  is  believed 
to  result  from  the  increasing  density  of  etch  pits  and,  in 
some  cases,  the  deepening  of  scratches,  with  increased 
etch.  For  the  plates  with  no  etch,  the  50%  failure  level 
is  1.35  X  10^  lb/in%  while  16.6  micrometers  etch  gave  a 
50%  failure  level  of  2.07  x  lO'  lb/in%  which  is  very  nearly 
the  mean  breaking  strength  of  2.12  x  10'  Ib/in^ 


Strts  LtW  (p«i| 


Fig.  2.  Weibull  plot  of  cumulative  probability  of 
failure  as  a  function  of  tensile  stress  for  polished 
resonator  plates  having  no  etch  (left-hand  curve) 
and  16.6  micrometers  chemical  etch  (right-hand 
curve). 
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These  claia  may  be  compared  with  ihe  average 
breaking  strength  calculated  from  measurements  by  Vig, 
et  al  [1).  Their  tests  also  used  a  steel  ball  to  apply  an 
axial  force  to  an  AT-cut  plate  simply  supported  near  its 
outer  edge.  They  tested  twelve  20  MHz  AT-cut  plates 
which  had  been  finish-lapped  in  3  micrometer  abrasive 
and  then  etched  15-f,f,  (25  micrometers),  and  found  an 
average  breaking  load  of  2.2  kg.  Using  the  same 
method  of  analysis  as  for  the  measurements  made  during 
the  present  program,  we  calculate  an  average  breaking 
stress  of  2.28  x  10^  lb/in\  which  is  remarkably  close  to 
our  mean  breaking  strength  for  16.6  micrometers  etch. 

A  Weibull  plot  of  the  breaking  strength  of 
premium-Q,  swept  quartz  covers,  etched  33.2 
micrometers  and  with  a  thickness  before  etch  of  500  ± 
3  micrometers,  is  shown  in  figure  3.  The  50%  failure 
level  is  1.06  x  10*  lb/in2,  about  half  the  level  of  the 
etched  resonator  plates.  The  data  seem  to  indicate  that 
the  failure  stress  for  properly  etched  thin  plates  is 
greater  than  for  thicker  plates.  The  reason  for  this  is 
not  understood. 


Fig.  3.  Weibull  plot  of  cumulative  probability  of 
failure  as  a  function  of  tensile  stress  for  polished 
cover  plates  having  33.2  micrometers  chemical 
etch. 


In  addition,  tests  were  made  of  tensile  and 
shear  strength  of  two  candidate  bond  materials,  a  low- 
outgassing  liquid  epoxy  and  an  epoxy  pre-form  -  four 
test  groups  in  all.  Observed  failure  loads  in  each  group 
varied  widely  from  sample  to  sample,  due  primarily  to 
inadequate  control  of  the  bonding  process.  This  was  in 
part  related  to  the  design  of  the  samples,  and  in  part  to 
the  fixturing  used.  For  the  tensile  test  samples  the 
average  strength  of  the  four  best  pre-form  bonds  was 


2628  lb/in\  while  the  best  liquid  epoxy  bond  failed  at 
2472  Ib/in*.  In  the  shear  tests  of  the  pre-form  bonds, 
results  were  inconclusive  due  to  failure  of  auxiliary 
bonds  between  the  quartz  test  plates  and  aluminum 
support  blocks;  the  best  observed  bond  strength  was 
1057  Ib/inl  For  the  liquid  epoxy  samples,  the  best 
observed  bond  shear  strength  was  634  Ib/im. 

While  further  measurements  of  bond  strength 
are  needed,  some  tentative  conclusions  can  be  drawn. 
First,  for  the  procedures  used,  the  pre-forms  were 
markedly  superior  to  the  liquid  epoxy.  This  may  mean 
that  the  pre-forms  are  easier  to  use,  rather  than  that 
they  have  ifcaier  inherent  bond  strength.  Second, 
control  oi  i:  .  bonding  process  is  crucial.  It  ls  believed 
that  this  Sill  be  easier  to  achieve  for  the  actual 
resonator  bonds  than  it  was  for  the  test  samples.  A 
useful  feature  of  the  resonator  configuration  is  that  the 
bonds  can  readily  be  visually  inspected.  To  obtain 
further  assurance  of  bond  strength,  a  simple  shear  test 
fixture  was  devised.  Using  this  fixture,  as  part  of  the 
crystal  unit  fabrication  process,  each  resonator  bond  was 
subjected  to  a  static  shear  load  of  20  lb,  which  is 
equivalent  to  a  shear  stress  of  510  Ib/in’.  There  were  no 
failures,  even  for  bonds  which  exhibited  significant  voids 
based  upon  optical  microscope  examination.  Since  the 
previous  tests  indicated  that  bond  tensile  strength  is 
greater  than  bond  shear  strength,  shear  testing  should 
be  a  simple  and  useful  means  of  assuring  adequate  bond 
strength. 

Structural  Analysis 

Using  NASTRAN,  a  finite  element  stress 
analysis  of  the  complete  re.sonator  structure  has  been 
performed  for  static  acceleration  loading  normal  to  the 
major  faces.  Orthotropic  plate  elements,  the  most 
general  available  with  NASTRAN,  were  used.  Taking 
advantage  of  symmetry,  a  one-quarter  sector  model  was 
used  to  reduce  the  number  of  elements  required. 
Because  there  is  significant  deformation  at  high 
acceleration  loads,  the  stiffness  formulation  of  the  model 
must  be  able  to  change  as  a  function  of  the  applied 
load.  To  provide  stability  to  the  solution  algorithm,  the 
load  was  progressively  incremented  up  to  the  maximum. 

The  original  goal  was  to  design  a  crystal  unit 
which  could  survive  at  least  100,000  G’s.  Because  the 
stress  levels  at  100,000  G’s  were  quite  modest,  the 
analysis  of  the  crystal  assembly  was  continued  for 
accelerations  up  to  1,000,000  G.  For  very  large 
accelerations  normal  to  the  major  faces,  toe  resonator 
plate  may  deform  sufficiently  to  contact  one  cover. 
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thereby  limiting  further  deformation  of  the  resonator 
plate  and  transferring  a  portion  of  the  acceleration  load 
to  the  more  rigid  cover.  (At  this  point,  of  course,  the 
resonator  will  be  non-operational.)  The  acceleration 
level  at  which  this  load  sharing  initially  occurs  depends 
critically  upon  the  spacing  between  the  resonator  and 
the  inner  face  of  the  cuve..  Tliis  spacing  i.s  ihe  sum  of 
the  bond  thicknes.s  and  the  cover  recess  depth.  For  the 
dimensions  used,  load  sharing  commences  slightly  above 
600,000  G.  Table  1  gives  the  resonator  peak  effective 
stresses  (Von  Mises  stresses)  in  the  resonator  plate  and 
cover  plates  as  a  function  of  acceleration.  For  these 
calculations,  it  is  assumed  that  the  bottom  cover  is 
simply  supported  around  its  outer  edge.  These 
calculations  show  that,  with  proof  testing  the  quartz 
elements  can  survive  acceleration  levels  of  1,(KX),0(X)  G’s. 


Table  1.  Peak  Effective  Stresses  as  a  Function  tif 
Normal  Acceleration  (Ib/in') 


Acceleration 

(G) 

Resonator 

Top 

Cover 

Bottom 

Cover 

100,000 

10230 

7285 

7379 

600,000 

59800 

42431 

45586 

800,000 

731.37 

58443 

61-3.32 

1,000,000 

82447 

75.568 

77294 

Bond  stre.sse.s  were  also  calculated,  Table  2, 
both  for  edge  support  and  uniform  support  at  the 
bottom  face.  These  calculations  show  that  the  bond 
strc.ss  is  critiailly  dependent  upon  the  mounting 
conditions,  with  the  two  calculations  representing  worst 
and  best  cases.  These  stresses  are  essentially  linearly 
proportional  to  acceleration;  therefore,  clearly,  the 
strength  of  the  crystal  unit  will  be  determined  by  the 
bond  strength,  not  the  strength  of  the  quartz  elements, 
and  by  the  rigidity  of  the  support. 


Table  2.  Peak  Tensile  Bond  Stress  (Ib/in’)  lOO.tKK) 
G’s  Normal  Acceleration 


Upper 

Bond 

Lxtwer 

Bond 

Edge  Support 

1916 

2140 

Uniform  Support 

.350 

460 

Electrical  Design  and  Performance 

In  order  to  ensure  high  Q,  Tiersien’s  three- 
dimensional  trapping  analysis  [8]  was  used  to  design  so 
that  the  third  overtone  mode  amplitude  is  essentially 
zero  at  the  inner  circumference  of  the  bonu  region.  Ai 
the  .same  time,  electrode  parameters  were  .selected  so 
that  the  fundamental  mode  Q  is  low.  The  purpo.se  of 
the  latter  was  to  simplify  the  design  of  the  oscillator 
sustaining  stage  in  the  intended  application  by  reducing 
the  need  for  L-C  frequency  selectivity. 

Measurement  of  a  number  of  units  verifies  that 
both  objectives  have  been  met.  Table  3  shows  the 
measured  fundamental  mode,  third  overtone  mode,  and 
fifth  overtone  mode  parameters  of  a  representative  unii. 
All  measurements  were  made  using  a  computer- 
controlled  Hewlett-Packard  4191A  r-f  impedance 
analyzer  and  PTl  software  19).  For  eight  units 
measured,  the  fundamental  mode  Q  ranged  from  .3()tX) 
to  18000,  and  the  resistance  from  161  ohms  to  847 
ohms,  while  the  third  overtone  resistance  was  less  than 
50  ohms  for  7  out  of  8  units.  Although  the  unit  was 
designed  for  third-overtone  operation,  fifth  overtone 
performanee  is  excellent.  For  the  same  eight  units,  the 
fifth  overtone  Q  ranged  from  1.3.3,000  to  194,000.  and 
the  resistance  from  78  ohms  to  118  ohms. 

Since  not  all  expected  applications  could  be 
specifically  addressed,  one  very  important  requirement, 
re.sonator.s  for  microprocessor  clocks  and  other  digital 
timing  applications  was  selected.  A  generic 
microprocessor  clock  oscillator  application  was  targeted, 
with  a  nominal  frequency  of  3.3  MHz.  Ten  units  w'cre 
delivered,  having  the  electrical  equivalent  circuit 
parameters  given  in  Table  4.  Q  ranged  from  131,000  to 
228,000.  which  is  more  than  adequate,  while  motional 
resistance  ranged  from  38  to  65  ohms.  Motional 
capacitance  and  shunt  capacitance  values  were  quite 
uniform,  which  is  also  desirable. 

Figure  4  shows  a  repre.sentative  plot  of 
frequency  and  resistance  versus  temperature.  The  data 
show  good  agreement  with  the  expected  f-T  behavior 
and  an  ab.sence  of  significant  coupled  modes  over  the  - 
40°  to  -H00°  C  temperature  range.  Figure  5  shows 
aging  measurements  of  four  resonators.  The  data  show 
considerable  scatter,  which  may  be  due  in  large  part  to 
the  test  method  and  test  fixture.  The  units  were  stored, 
non-operating  at  85°  C.  Frequency  measurements  were 
made  at  room  temperature,  which  varied  over  about  a 
4°  C  range,  with  the  units  being  inserted  one  by  one 
into  the  measurement  fixture.  Due  to  the  fixture. 
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Table  3.  Equivalent  Circuit  Parameters  as  a  Function  of  Overtone 


OT 

Frequency 

(kHz) 

Motional 
Resistance  R, 
(ohms) 

Motional 

Capacitance 

C,  (fF) 

Shunt 

Capacitance 

Co (pF) 

Q/l(y 

Fund 

11033.72 

444.3 

4.87 

1.48 

7 

3rd 

32987.48 

40.0 

0.55 

1.40 

218 

5th 

54954.02 

85.4 

0.18 

1.40 

187 

repeatability  of  the  frequency  measurement  was  no 
better  than  ±  1  ppm. 


Fig.  4.  Frequency  and  resistance  versus 
temperature  for  a  representative  crystal  unit;  the 
curves  represent  approximately  400  data  points. 


Fig.  .S.  Frequency  aging  of  four  crystal  units, 
aged  at  8.S°  C,  non-operating,  and  measured  at 
room  temperature. 


Conclusion 

The  work  performed  has  demonstrated  the 
feasibility  of  the  high-shock  resonator  configuration 
from  the  standpoint  of  electrical  performance  and 
manufacturability.  Although  the  development  was 
focussed  on  a  particular  frequency,  the  configuration  has 


potential  applicability  over  almost  the  entire  frequency 
range  of  AT-cut  crystals  -  very  conservatively.  10  to  100 
MHz.  Also,  other  thickness-shear  cuts  can  be  fabricated 
in  this  form,  in  particular  the  SC-cut. 

Although  the  configuration  has  not  yet  been 
tested  to  shock  levels  as  high  as  the  initial  target  of 
100,000  G’s,  calculations  of  the  acceleration-induced 
stress,  together  with  measurements  of  the  breaking 
strength  of  the  resonator  and  cover  plates  show  that 
they  are  capable  of  surviving  much  higher  levels.  The 
most  critical  elements  of  the  configuration  are  the 
bonds.  For  acceleration  normal  to  the  major  faces  of 
the  unit,  the  bond  stress  has  been  shown  to  vary  by  a 
factor  of  nearly  5,  depending  upon  the  manner  in  which 
the  unit  is  supported.  The  strength  of  the  device,  as 
designed,  is  therefore  between  100,000  and  600,000  G’s. 

A  most  important  feature  of  the  new  crystal 
unit  configuration  is  that,  in  addition  to  being 
acceleration-hardened,  it  is  an  extremely  low-profile, 
surface-mountable  device.  Its  present  height,  .O.S  inch 
(1..1  mm)  maximum,  may  be  less  than  that  of  any  other 
available  crystal  unit. 
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SUMMARY 

We  have  conducted  a  researches  on 
the  radius  of  curvature  of  plano-convex 
crystal  wafers  and  beveling  operation 
for  the  purpose  of  suppressing  the  un¬ 
wanted  response  of  the  3rd  overtone  5 
MHz  SC-cut  crystal  units  to  be  used 
in  an  OCXO . 

Our  study  revealed  that  the  series 
resistance  of  the  unwanted  response  be¬ 
came  5  times  the  sries  resistance  of 
the  main  response  of  an  SC-cut  crystal 
unit  under  the  conditions  that  the 
radius  of  curvature  on  plano-convex  is 
140  mmR  and  the  beveling  is  conducted 
asymmetrically. 

An  SC-cut  crystal  unit  whose  un¬ 
wanted  responses  are  suppressed  have 
superior  frequency  temperature  charact¬ 
eristics,  free  from  activity  dips.  Meas¬ 
urement  of  the  equivalent  circuit  para¬ 
meter  revealed  that  the  Q  value  2.14x 
1 0 ,  the  capacitance  ratio  1.78x  10'*, 
the  equivalent  resistance  80  ohm  and 
the  motional  inductance  is  5.5  H. 

The  OCXO  using  an  SC-cut  crystal 
unit  whose  unwanted  responses  are  sup¬ 
pressed,  has  the  phase  noise  of  -105 
dBc/Hz  in  terms  of  1  Hz  off-set  frequen¬ 
cy  from  carrier.  thermal  hysteresis  and 
orientation  effect  of  frequency  are  in 
oredr  of  10"'®,  while  the  aging  rate  is 
2  X  10-®. 


INTRODUCTION 

Use  of  an  oscillator  generating 
highly  stable  frequency  is  requested 
strongly  to  realize  more  effective  use 
of  limited  radio  frequencies  .  The  OCXO 
(  Oven  Controlled  Crystal  Oscillator)  is 
an  efective  means,  for  time  being, 
to  meet  such  requirement  as  a  time  and 
frequency  substandard  source.  With  the 
trend  toward  digitalization  of  communi¬ 
cation  systems,  further  improvement  for 


phase  noise  characteristics  has  been 
required. 

Use  of  OCX  Os  has  an  advantage  in 
improvement  of  phase  noise  character¬ 
istics.  The  current  requirment  with 
respect  to  the  phase  noise  reaches  to 
about  -80  dBc/Hz  at  1  Hz  off-set  fre¬ 
quency  from  the  carrier,  desirably  to 
-90  dBc/Hz  to  -105  dBc/Hz  as  shown  in 
Figure  1 . 


I  10  100  Ik 

0??-5£T  FREQUENCY  IH:) 

Figure  1  Phase  Noise 

Requirement  for 
OCXO 

The  crystal  units  built  in  OCXOs 
being  used  to  be  AT-cut  crystal  units, 
SC-cut  crystal  units  can  be  performed 
more  superior  to  AT-cut  crystal  units, 
so  that  many  researches  have  been  con¬ 
ducted  on  SC-cut  crystal  units  exten- 
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sively.  However,  an  SC-cut  crystal  unit 
having  strong  unwanted  responses  as 
shown  in  Figure  2,  these  unwanted  re¬ 
sponses  have  to  be  suppressed  effec- 
tiveilly  in  case  of  using  it  in  OCXOs. 
Many  an  efforts  have  been  aadeto  try  to 
suppress  the  unwanted  responses  on  SC- 
cut  crystal  units. 


F  R  E  QU  E  N  C  Y  '(M  H  z  ) 
KiRure  2  Unwanted  response  of  SC-cut 
Crystal  Kesonator 


In  this  paper  ,  the  suppression 
technique  of  the  unwanted  responses  is 
discussed  for  the  purpose  of  practcal 
use  and  then  other  iteus  such  as  phase 
noise,  orientation  effect  of  frequency 
and  therual  hysteresis  are  touched. 


SYNTHETIC  QUARTZ  CHYSTALS 

Due  to  the  fact  that  OCXOs  using 
SC-cut  crystal  unit  require  the  stabili¬ 
ty  of  less  than  1  x  10’,  synthetic 
quartz  crystals  should  leet  severe  re- 
quireeents  in  teres  of  purity  and  Q 
value.  In  other  words,  we  used  the 
synthetic  quartz  crystals  which  have 
less  than  12  iepurities  pieces  per  ce’ 
and  whose  Q  value  is  eore  than  2.4  x  10’ 
when  calculated  froe  infrared  absorption 
rate.  For  these  synthetic  quartz  crys¬ 
tals,  sweeping  operation  has  not  been 
perf oraed . 


BESONATOJ  FABRICATION  PAEAHETERS 

Design  paraaeters  for  the  prototype 
SC-cut  crystal  unit  were  held  constant, 
as  follows:  the  frequency  was  5  NHz  on 
the  3rd  overtone  node,  the  holder  was 
HC-36/U  on  generally  used  for  OCXOs.  For 
the  other  specifications,  refer  to  Table 
1 . 


TABLE  1  SPECIMEN  OK  SC-CUT 

CRYSTAL  UNIT 


SUPPRESSION  OP  UNWANTED  RESPONSE 


In  genera  1 , SC-cu t  crystal  unit  have 
3  types  of  thickness  node  near  the  aain 
response  .[  1 1 ,[ 2  1  These  nodes  are  clas¬ 
sified  into  C-aode  (  thickness  -  shear 
node),  B-node  ( t h i ckn es s- t w i s t  node)  and 
A-aode  (extensional  node).  The  C-aode 
corresponds  to  the  aain  response  to  be 
obtained.  On  the  other  band,  the  A-aode 
and  the  B-aode  correspond  to  the  unwant¬ 
ed  responses  to  be  suppressed.  In  not  a 
few  cases,  the  equivalent  resistance  for 
the  B-aode  is  snaller  than  that  for  the 
C-node.  In  nany  cases,  connecting  such 
a  crystal  unit  to  an  oscillation  circuit 
and  operating  it  causes  the  oscillation 
in  B-node.  That  is  why  the  crucial 
step  for  putting  SC-cut  crystal  units  in 
practical  use  is  the  suppression  of  the 
equivalent  resistance  for  the  B-node 
not  that  for  the  C-node. 

According  to  R.L.  Filler,  et.al.l3) 
processing  a  crystal  wafer  in  the  fora 
of  plano-convex  allows  the  B-node  to  be 
suppressed.  For  this  nethod,  the  sup¬ 
pression  of  B-aode  equivalent  resist¬ 
ance  (Rb)  is  not  sufficient  as  the  C- 

aode  equivalent  resistance  (  Rc  )  is 
about  twice  as  nuch  as  Rc.Then,  we  neas- 
ured  the  frequency  for  each  unwanted 
response  while  changing  the  radius  of 
curvature  on  plano-convex  step  by  step. 
Based  on  these  neasurenent  results,  8 
kinds  of  radiuses  of  curvature  were  se¬ 
lected  over  the  range  of  50  aaR  to  900 
anR  for  naking  resonators.  For  each 
resonator,  Rc  and  Rb  were  aeasured  by 
aeans  of  a  network  analyzer  for  aeasur- 
ing  the  Rb  suppression  effect.  In  addi¬ 
tion,  the  suppression  effect  of  the 
beveling  upon  Rb  was  aeasured. 
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EFFECT  OF  CUtVATUHE 


Figure  3  shows  the  leasureient 
results:  Figure  3  indicates  the  rela¬ 
tion  between  the  radius  of  curvature  on 
plano-convex  and  the  ratio  of  Rb  to  Rc. 

On  the  other  hand.  the  diaensional 
tolerance  of  the  processing  jig  for 
plano-convex  processing  was  ±  15  per- 
sent.  As  the  ratio  of  Rb  to  Rc  becaae 
greatest  when  the  radius  of  curvature 
on  plano-convex  fell  between  140  aaR  to 
200  aaR,  this  value  was  specified  as 
140  aaR.  But,  in  this  case,  our  aeas- 
ureaent  revealed  that  Rc  is  no  aore 
than  about  twice  as  auch  as  Rb  and  the 
B-aode  suppression  effect  was  insuffi¬ 
cient. 
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Figure  4  shows  the  equivalent  re¬ 
sistance  for  each  of  the  C-aode  and  the 
B-aode  aeasured  for  each  crystal  and  the 
relation  between  D2/D1  (  01  ;  Internal 
diaaeter  of  the  beveling  surface  1,  02: 

Internal  diaaeter  of  the  beveling  sur¬ 
face  2  )  and  Rb/Rc  .  Rb/Rc  bee  laes  3 
to  5  when  the  ratio  of  the  plano-convex 
-side  beveling  internal  diaaeter  to  the 
flat-side  beveling  internal  diaaeter  is 
1.4. 


radius  of  CURVERTURE  {r,ni) 

Figure  3  Effect  of  Radius 
of  Curverture  on 
Equivalent 
Resistance  Ratio 


EFFECT  OF  BEVELING 

We  conducted  the  beveling  operation 
on  both  sides  of  a  plano-convex-shaped 
crystal  wafer  to  facilitate  its  support¬ 
ing  prior  to  asking  a  crystal.  In 
order  to  ainiaize  the  nuaber  of  steps 
for  the  beveling.  the  internal  beveling 
diaaeters  of  the  crystal  wafer  were  a- 
s y a  a e t r i c a  1 1  y  specified  for  both  sur¬ 
faces.  Then,  7  kinds  of  beveling  inter- 
nal-diaaeter  ratios  for  both  surfaces 
were  selected  over  the  range  of  0.8  to 
1.4.  Figure  4  shows  the  results  for  the 
crystal. 


Figure  4  Effect  of  Beveling 
on  Equivalent 
Resistance  Ratio 


OVERTON E  EQUIVALENT  RESISTANC E 

Based  on  the  above-aentioned  re¬ 
sult,  we  aeasured  the  equivalent  re¬ 
sistance  for  each  of  the  fundaaental 
aode  (  Rl  ).  the  3rd  overtone  aode  (R3) 
and  the  5th  overtone  aode  (R5).  Figure 
5  shows  the  aeasureaent  results:  Rl  was 
about  B  tiaes  as  great  as  R3  and  was 
about  twice  as  great  as  R5.  On  the  other 
hand,  R5  becaae  4  tiaes  as  great  as  R3. 
As  R3  was  saaller  than  Rl  and  R5,  it  was 
easy  to  forecast  that  the  SC-cut  crystal 
units  developed  oscillate  with  ease 
in  a  "coilless  oscillation  circuit." 
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Figure  5  Overtone  Equivalent  Kesistancc 


F 8 EQUENCY  TEHPE8ATU8E  CH A8ACT EB 1  ST  I CS 

We  aeasured  the  teaperature  charac¬ 
teristics  of  the  SC-cut  crystal  unit. 

For  the  ueasureaent  of  the  frequen¬ 
cy  characteristics,  we  eaployed  the  S- 
paraaeter  aethod,  using  a  network  ana¬ 
lyzer.  We  set  the  drive  level  at  10 
±  1  ^  W. 

Under  such  cond 1 t 1 ons . we  aade  aeas- 
ureaent  of  the  frequency  versus  teapera- 
ture  characteristics  over  the  teapera- 
ture  range  of  30  ‘C  to  lOS  'C  at  0.1  'C 
step.  Neasureaent  result  was  as  shown 
by  Figure  6 . 

As  the  result,  the  frequency  of  the 
crystal  proved  to  be  stabilized  at  about 
7S’C.  In  addition,  activity  dips  was 
not  detected  and  frequency  was  shifted 
SB  0  0  t  h  1  y  . 


ELECTBIC  EQUIVALENT  PA8AHETE8S 

The  elctric  equivalent  paraaeters 
were  aeasured  by  aeans  of  an  autoaatic 
network  analyzer,  with  the  teaperature 
kept  at  75.00  'C  ±  0.01  ‘C.  Table  2 
shows  the  aeasureaent  results.  For  re¬ 
ference,  the  aeasured  values  for  an  AT 
-cut  crystal  unit  are  listed  here.  The 
analysis  of  Table  2  reveals  that  SC-cut 
crystal  unit  are  suitable  for  OCXOs  due 
to  the  fact  that  the  typical  0  value  Is 
2.14X  10*  and  the  typical  capacitance 
ratio  Is  1.7B  a  10*.  According  to  this 
figure, the  Q  value  and  the  capacitance 
ratio  of  an  SC-cut  crystal  unit  are 
greater  than  those  of  an  AT-cut  crystal 
unit. 

TABLE  2  Typical  electric 


ITEM 

SC  cut 

c  r  y  •  1  a  1 

unit 

g  v«luc  (xIO') 

2  1  6 

S  e  r  i  c  1 

rcclilancc 

K  r  (U) 

8  0.6 

Mot  Iona  1 

capac  1  tance 

Cl  <  r  K ) 

0.186 

Motional 

Inductance 

LI  (  H ) 

5.  5  0 

P  a  r  a  1  lei 

capaci  tancc 

Co  <  p  K  ) 

3.  Z 

Capacitance 

rail©  7  (xlO*) 

17  8 

127 


PHASE  NOISE 

Figure  7  shows  the  phase  noise  for 
an  AT-cut  crystal  unit  and  an  SC-cut 
cry s  tal  unit. 

For  an  SC-cut  crystal  unit,  the 
phase  noise  level  was  -105  dBc/Hz  at 
the  off-set  frequency  of  IHz.  On  the 
other  hand,  for  an  AT-cut  crystal  unit, 
the  phase  noise  level  was  -8SdBc/Hz. 
As  the  difference  between  these  two 
values  is  20  dBc/Hz,  the  phase  noise 
perforaance  of  the  SC-cut  crystal  unit 
was  100  tiaes  better  than  that  of  the 
AT-cut  crystal  unit. 


Figure  7  M  asured  Phase  Noise  of 

OCXO  Using  AT-cut  and 
S  C  -  c  u  t 


TABLE  3  Effect  of  orientation  on 


frequency  drift  by  X  axis 


Frequency 

d  r  i  f  t  (X 1 0 

SC-cut 

AT-cut 

AXIS 

crystal 

crystal 

unit 

unit 

X 

0.  0 

0.  0 

Y 

0.  5 

-1.  8 

2 

0.  2 

2.  0 

THEBHAL  HYSTEBESIS 

For  an  OCXO,  the  crystal  unit  used 
was  heated  in  an  oven  in  order  to  en¬ 
hance  the  frequency  stability.  H.J. 
Foster  |5]  and  Hr.  Okazaki,  (6)  et  al., 
pointed  out  the  problea  lied  in  how  the 
repetition  of  operation  and  nonoperation 
of  an  OCXO  exerts  influence  upon  the 
reproducibility  of  frequency.  Figure  8 
shows  the  aeasured  data  on  frequency 
hysteresis.  The  SC-cut  crystal  unit  have 
the  frequency  hysteresis  expressed  in 
terns  of  10~'°.  showing  superior  per¬ 
foraance. 


EFFECT  OF  ORIENTATION  ON  FBEQUENCY 

If  the  frequency  stability  was  less 
than  1  X  10'*,  the  influence  exerted  by 
the  gravity  of  the  earth  was  not  neg¬ 
ligible  and  the  direction  in  which  an 
OCXO  was  put  causes  its  frequency  to  be 
changed.  Table  3  showed  the  frequency 
change  in  the  case  of  applying  gravi¬ 
ty  in  the  Y  axis  and  the  Z  axis,  with 
the  frequency  in  the  case  of  applying 
gravity  in  the  X  axis  as  the  standard. 

As  shown  by  Table  3,  the  frequency 
stability  of  as  SC-cut  crystal  unit  was 
expressed  in  terns  of  10'*°  while  that 
of  an  AT-cut  crystal  resonator  was  ex¬ 
pressed  in  terns  of  10'*.  Such  a  dif¬ 
ference  showed  that  the  frequency  varia¬ 
tion  due  to  gravity  applied  to  an  SC-cut 
crystal  unit  was  snaller  and  the  SC- 
cut  crystal  unit  is  superior  to  the  AT- 
cut  crystal  unit  in  terns  of  frequency 
stability. 


Pr.EQUENCY  DEVIATION(x10"'‘  ) 


Figure  8  Distribution  of 

Thermal  liisteresis 
on  Frequency 


1  10  100 
TIME  (HOURS) 

Figure  9  Frequency  Aging 
Characteristics 


A GIWG  CHAtACTEtlSTlC S 

Figure  9  shows  the  aging  charac¬ 
teristics.  We  neasured  the  frequency 
aging  of  OCXO  using  the  crystal  unit, 
as  a  frequency  shift  froi  cadinal  point 
of  5  hours  to  100  hours.  Our  leasurenent 
reveals  that  the  aging  ratio  was  2 

X  10 


CONCLUSION 

The  optinun  radius  of  the  curvature 
and  the  asynietric  beveling  technique 
can  allow  for  us  realize  the  tore  ef¬ 
fective  suppresion  neans  of  B-node  and  A 
-■ode  of  SC-cut  crystal  units  than  we 
ha ve . 

We  can  also  evaluate  the  excellent 
perforaance  on  an  OCXO  by  building  in  it 
the  SC-cut  crystal  unit  of  ever  re¬ 
search. 

The  SC-cut  crystal  units  can  be 
expected  to  be  used  in  aore  applications 
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Hiraicho  Tochigi  shi  328,  Japan 


Abstract 

This  paper  describes  a  new  cut  torsional  quartz 
crystal  resonator  which  is  designated  "TT  Cut”.  The 
object  of  this  paper  is  to  propose  a  new  cut  torsional 
quartz  crystal  resonator  and  to  clarify  its  frequency 
characteristics,  frequency  temperature  behavior  and  e- 
lectrical  equivalent  circuit  parameters. 

First,  in  analysis  procedure,  equation  of  motion  is 
derived  from  an  energy  method  in  this  paper.  next,  by 
solving  the  equation  of  motion  under  the  boundary  condi¬ 
tions  of  "free  free  bar"  or  "clamped-free  bar",  the 
frequency  equations  are  derived  as  a  function  of  thick¬ 
ness  Zii,  width  Xi,  and  length  y,i. 

Furthermore,  from  the  frequency  equation  a  rela¬ 
tionship  of  frequency  constant(f  •  yo)  versus  thickness- 
to  width  ratio  RzxC-Zii/xn)  and  a  relationship  between 
thickness  to  width  ratio  Rzx  and  cut  angles(0,  0)  where 
the  first  order  temperature  coefficient  a  reaches  zero 
are  theoretically  derived.  As  a  result,  numerous  rela¬ 
tionships  where  a  reaches  zero  are  found  to  exist  be¬ 
tween  thickness-to  widlh  ratio  Rzx  and  cut  angles(0.  G). 
especially,  the  second  order  temperature  coefficient  0 
has  a  small  value  of  - 1. 16x  10“V''C'‘  whose  absolute 
value  is  approximately  one  third  of  the  well-known  flex¬ 
ural  mode  quartz  crystal  resonator.  The  value  of  0  is 
then  compared  with  the  measured  data  of  - 1. 29X10‘"/°C*. 
so  that  both  results  are  found  to  agree  sufficiently 
well. 

Finally,  series  resistance  Ri  and  a  quality  factor 
Q  of  a  tuning  fork-type  resonator  are  examined,  conse¬ 
quently.  it  is  shown  that  a  tuning  fork-type  torsional 
quartz  crystal  resonator  is  obtained  with  a  small  Ri  of 
2.2  to  ll.dkQ  and  a  large  Q  value  of  276.000  to 
278,000  in  frequency  range  of  385  to  444kHz. 


llialmduclioQ 

A  tuning  fork-type  flexural  quartz  crystal  resona¬ 
tor  with  a  zero  temperature  coefficient  is  much  used  as 
a  resonator  for  a  wristwatch,  because  of  noteworthy  fea¬ 
tures  of  easy  miniaturization,  low  frequency,  high  shock 
resistance  and  so  on.  However,  frequency  temperature 
behavior  of  the  tuning  fork-type  flexural  quartz  crystal 
resonator  which  is  used  widely,  have  approximately  a 
parabolic  curve  with  a  temperature  coefficient  of  about 
-3.5x10  "/"C':  because  its  absolute  value  is  compara¬ 
tively  large,  it  was  impossible  to  obtain  a  quartz  crys¬ 


tal  resonator  with  a  small  frequency  change  over  a  wide 
temperature  range. 

Furthermore,  though  GT  cut  quartz  crystal  resona¬ 
tors  excel  lent  in  frequency  temperature  behavior  were 
reported  [l]-[6],  as  the  resonator  for  [1]-14]  has  large 
consumption  power,  because  of  high  frequency,  and  as  the 
other  is  inferior  in  miniaturization  and  shock  resist 
ance.  it  is  very  difficult  to  utilize  the  GT  cut  quartz 
crystal  resonators  in  a  wristwatch. 

In  addition,  recently,  it  was  reported  [7]  [9]  that 
a  coupling  between  a  flexural  mode  vibration  and  a 
torsional  mode  vibration  of  a  tuning  fork-type  gives  an 
improvement  in  frequency  temperature  behavior  of  the 
flexural  mode  vibration.  However,  because  of  a  coupling 
resonator,  it  is  very  difficult  to  obtain  resonators 
with  a  constant  coupling  between  both  vibrations  in  mass 
production,  they  were  hardly  put  to  practical  use. 
because  the  subject  remains  such  that  frequency  tempera 
ture  behavior  is  not  obtained  stably.  A  single  mode 
quartz  crystal  resonator  of  low  frequency  with  a  value 
of  the  second  order  temperature  coefficient  in  an 
absolute  value  smaller  than  that  of  the  tuning  fork-type 
quartz  crystal  resonator  is,  therefore,  desired  earnest 
ly  and  expected. 

A  torsional  mode  quartz  crystal  resonator  exists  as 
a  vibration  mode  where  by  comparatively  low  frequency 
can  be  realized.  However,  few  papers  on  frequency  tern 
peralure  behavior  were  reported  by  Hermann  ""’.Vasin 
and  so  on.  Further,  they  designed  a  torsional  quaitz 
crystal  resonator  with  length  oriented  along  the  elec¬ 
trical  axis(x-axis)  and  examined  its  frequency  tempera 
ture  behavior  with  a  rotation  around  the  xaxis,  but, 
the  resonator  is  not  turned  to  practical  use  yet.  In 
addition,  frequency  temperature  behavior  of  a  torsional 
quaitz  crystal  resonator  with  length  oriented  along  the 
optical  axisCz  axis)  and  the  mechanical  axis(y  axis)  is 
not  examined  at  all. 

The  object  of  this  paper  is  to  propose  a  new-cut 
torsional  quartz  crystal  resonator  with  an  absolute 
value  of  the  second  order  temperature  coefficient  small 
er  than  that  of  the  tuning  fork-type  flexural  quartz 
crystal  resonator,  which  is  designated  "TT  Cut",  and 
to  clarify  its  frequency  characteristics,  frequency  tem¬ 
perature  behavior  and  electrical  characteristics.  First, 
in  analysis  procedure,  equation  of  motion  is  derived 
from  an  energy  method  in  this  paper,  by  solving  the  e- 
quation  of  motion  under  the  boundary  conditions  of 
"free-free  bar"  or  "clamped-free  bar",  the  frequency 
equations  are  derived.  Furthermore,  from  the  equation,  a 
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From  Kami  1  ton' s  priiicipie,  since  the  following  relation 
must  be  satisfied: 

S  I  (K-U)dt=0  (3) 

The  equation  of  motion  and  the  boundary  conditions  can 
be  derived.  Consequently. 

(Equation  of  motion) 

d^(l>  d^4> 

Plo - Ct  -  =  0  (4) 

()  t '  (7  y " 

where 

Io  =  A /c*:Polar  moment  of  inertia 


Fig.  1  Torsional  quartz  crystal  bar  and  its  coordinate 
system. 

relationship  between  thickness-to-width  ratio  Rzx  and 
cut  angles(0.  6)  where  the  first  order  temperature  co¬ 
efficient  a  reaches  zero  is  shown.  Especially.  cuts 
whereat  a  reaches  zero  at  a  positive  cut  angle  of  <t> 
are  designated  ■TT(Xi)-Cut'  and  cuts  whereat  a  reach¬ 
es  zero  at  a  negative  cut  angle  of  0  are  designated 
" TT (X2)-Cut".  In  addition,  an  absolute  value  of  the 
second  order  temperature  coefficient  becomes  approx¬ 
imately  one  third  of  the  tuning  fork-type  flexural 
quartz  crystal  resonator  by  combination  of  0  and  0  of 
TT(Xi)-Cut  and  TT(X2)-Cut.  Thus,  a  tuning  fork-type 
torsional  quartz  crystal  resonator  excellent  in  frequen¬ 
cy  temperature  behavior  is  theoretically  found  to  be 
obtained.  The  analysis  results  are  then  compared  with 
the  measured  values,  consequently,  both  results  are  also 
found  to  agree  comparatively  well.  Let  us  describe  the 
detail  below. 


§2  Analysis  Procedure 


ct  ‘'‘  = 


XoZo* 

3S  6  6 


tanh  I 


s'«4  192  “  1 

S’es  7t^  (2j  +  l)‘ 

(2j  +  l)  n  Xo 

**  I  ] 

2  ZoV  s'4< 
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(Boundary  conditions) 

(?  0 

O  y  =  0.  yo:  -  =  0 

d  y 


O  y=0  ;  0=0 


y=yo 


for  free-free  bar 

(5) 

for  clamped-free  bar 

(6) 


Accordingly,  the  equation  of  motion  of  equation  (4)  is 
easily  solved  by  employing  the  boundary  conditions  of 
equations  (5)  and  (6). 


2. 1  Equation  of  motion 

Figure  1  shows  a  torsional  quartz  crystal  bar  and 
its  coordinate  system.  This  resonator  is  expressed  by 
IRE  expression  of  zywt(0/S).  In  addition,  the  resona¬ 
tor  has  a  dimension  of  thickness  Zo,  width  Xo  and  length 
yo.  A  torsional  mode  quartz  crystal  resonator,  as  is 
well  known,  is  a  resonator  having  torsional  moment  about 
the  y-axis. 

Now,  let  us  take  torsional  displacement  angle  0 
torsional  rigidity  Ct.  density  of  quartz  p,  polar 
radius  of  gyration  k  and  sectional  area  A  for  a  reso¬ 
nator.  When  length  yo  is  extremely  larger  than  width  Xo 
and  thickness  Zo(yo>Xo.  zo).  the  term  of  lateral  motion 
which  is  expressed  by  torsion-function  can  be  ignored. 
Therefore,  when  time  t  is  taken,  kinetic  energy  K  and 
potential  energyU  are.  respectively,  given  as 

1  f^’d(p 

K  =  —  z?A/cM  ( - )'dy  (1) 

2  ■'»  d  t 

1  r'i>d<l> 

U  =  — Ctl  ( - )'dy  (2) 

2  dy 


2,2  Frequency  equation 

The  following  exhibits  a  solution  of  the  equation 
of  motion  and  derive  the  frequency  equation.  As  there 
are  the  two  boundary  conditions  of  equations  (5)  and  (6), 
the  frequency  equation  is  first  derived  from  the  bounda¬ 
ry  condition  of  equation  (5)  and  next,  from  that  of 
equation  (6).  Finally,  the  obtained  equations  are  col¬ 
lectively  described.  Now,  when  taking  angular  frequency 
w,  a  torsional  displacement  angle  0  can  be  expressed 
by  the  form  of 

0  =  (Asina  y  +  Bcosb  y)coswt  (7) 

From  the  boundary  condition  of  equation  (5),  A=0  and 
b=in;r/yo  (m  =  l, 2. 3,  ■  •  •)  is  also  obtained.  There¬ 
fore,  equation  (7)  is  newly  expressed  by  0  =  Bcosbycos 
wt.  the  frequency  equation  is  obtained  under  the  bound¬ 
ary  condition  of  "free-free  bar",  substituting  the  0 
into  equation  (4).  On  the  other  hand,  from  the  boundary 
condition  of  equation  (6),  B=0  and  a=n;r/2yo  (n  = 
1,3,5,  •  •  ■)  is  also  obtained.  In  this  case,  equation 
(7)  is  newly  expressed  by  0=Asina  ycosrot,  the  fre¬ 
quency  equation  is.  as  well,  obtained  under  the  condi¬ 
tion  of  "clamped-free  bar",  substituting  the  <P  into 
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equation  (4),  The  results  with  respect  to  the  resonant 
frequency  f  are  collectively  described  as  follows: 


(Free-free  bar) 


f  = 


m 


yii 


(m  =  1.2.  3. 
(Claniped-free  bar) 
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The  each  resonant  frequency  f  is  given  as  a  function  of 
length  Yn,  thickness-lo-width  ratio  Rzx(=thickness/ 
width)  and  elastic  compliances.  In  particular,  when  Rzx 
is  extremely  small,  the  resonant  frequency f  is  approxi¬ 
mately  in  proportion  to  the  thickess-to-width  ratio  Rzx. 
so  that  f  lowers  without  limit,  according  as  Rzx  is 
taken  to  be  small  infinitely.  In  addition,  as  is  easily 
understood  from  comparison  with  equations  (7)  and  (8).  a 
resonator  with  the  boundary  condition  of  ’clamped-free 
bar"  is  suitable  so  as  to  obtain  that  of  lower  frequency 
at  the  same  dimension.  Accordingly,  the  tuning  fork-type 
quartz  crystal  resonator  which  can  be  considered  as  two 
cantilevers  having  the  boundary  condition  of  "clamped- 
free  bar”,  is  examined  in  this  paper  and  its  various 
characteristics  are  estimated. 

Next,  resonator's  shape  and  size  to  be  treated  in 
this  paper,  and  its  excitation  electrode  construction 
are  described. 


§3  Resonator’s  Shape  and  Excitation  Electrode 

Figure  2  shows  a  shape  of  a  tuning  fork-type  tor¬ 
sional  quartz  crystal  resonator  (a)  and  the  sectional 
view  of  its  excitation  electrode  construction  (b).  The 
resonator  is  formed  with  rotation  angle  </>  about  the  x- 
axis  from  Z  plate  and  rotation  angle  6  about  the  z’ - 
axis  of  the  new  axis  for  the  z-axis.  In  addition,  the 
present  resonator  has  a  dimension  of  width  Xo.  thickness 
Zi)  and  length  Vo. 


The  calculated  and  measured  values  are  shown,  they 
are.  in  detail,  discussed.  First,  a  relationship  between 
cut  angles(0.6)  and  piezoelectric  constant  eu  to 
determine  an  intensity  of  excitation  for  a  torsional 
resonator  at  TTCX,.  X2)-Cut  is  shown.  Next,  a  relation¬ 


y " 


y 


Fig. 2  Resonator  shape  (a)  and  sectional  view  of 
electrode  construction  (b). 

ship  between  cut  angle  0  and  frequency  constant  (f -yn) 
is  shown,  when  the  cut  angle  9  is  taken  as  a  parameter, 
then,  a  relationship  between  thickness-to-width  ratio 
Rzx  and  frequency  constant  (f*yu)  is.  as  well,  shown, 
when  the  cut  angle  6  is  taken  as  a  parameter,  and 
based  on  these  relationships,  a  relationship  of  actual 
resonant  frequency f  versus  length  yn  is  shown,  when  Rzx 
is  taken  as  a  parameter.  Next,  a  relationship  between 
cut  angle  0  and  thickness-to-width  ratio  Rzx  wherein 
the  first  order  temperature  coefficient  a  reaches  zero, 
is  shown,  when  cut  angle©  is  again  taken  as  a  parameter, 
simultaneously,  a  value  of  the  then  second  order  temper¬ 
ature  coefficient  9  is  shown,  as  a  result,  it  is  shown 
that  there  are  the  cut  anglesf^,  0)  whereat  the  abso¬ 
lute  value  of  9  becomes  approximately  one  third  of  the 
flexural  mode  resonator.  The  then  frequency  temperature 
behavior  is  also  shown.  Finally,  a  relationship  of 
series  resistance  Ri  and  a  quality  factor  Q  versus  Rzx 
is  shown,  when  cut  angle  9  is  taken  as  a  parameter  and 
also,  a  typical  value  for  the  obtained  electrical  equiv¬ 
alent  circuit  parameters  is  shown.  In  an  analysis  of 
frequency  temperature  behavior,  the  constants  shown  in 
Appendix  of  the  reference  [12]  are  utilized.  Let  us 
explain  in  detail  below. 

4, 1  Piezoelectric  constant 


Figure  3  shows  a  relationship  between  cut  angle  0 
and  piezoelectric  constant  eu.  when  cut  angle  6  is 
taken  as  a  parameter.  When  9  =  0°.  em  reaches  zero. 
Therefore,  the  present  resonator  is  found  not  to  be  ex- 
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Cut  ftNGLE  i  ^Deg.) 


Fig.  .‘i  Rplalionship  between  piezoelectric  constant  ri« 
and  cut  angle  <t>  when  cut  angle  0  is  taken  as  a 
parameter. 


Fig. 4  Relationship  between  frequency  constant  (f  •  yn) 
and  cut  angle  <t>  when  cut  angle  B  is  taken  as 
a  parameter. 


cited  by  the  excitation  electrode  illustrated  in  Fig.2 
(b).  In  addition,  it  is  sufficiently  understood  from 
Fig.  3  that  Cni  varies  markedly  with  a  change  of  0. 
Since  the  em  decides  a  value  of  series  resistance  Ri 
for  a  resonator,  it  goes  without  saying  that  cut  angles 
(0.  fl)  whereat  the  absolute  value  of  eis  becomes  as 
large  as  possible,  must  be  chosen  so  as  to  obtain  a 
small  Ri. 

4, 2  Frequency  cons  tant 

Figure  4  shows  a  relationship  between  cut  angle  0 
and  frequency  constantff  •  yj  of  a  resonator  with  thick¬ 
ness  to  width  ratio  Rzx -0.8.  when  cut  angle  0  is  taken 
as  a  parameter.  The  solid  and  dotted  lines  are  the  cal 
culated  values  for  0  10°  and  ,30°,  and  the  signs  O. 

^  are  the  then  measured  values.  Both  results  are  in 
sufficiently  good  agreement.  Then,  the  frequency  con 
slant  vai  ies  with  cut  angle  <!>.  when  a  miniaturized  res¬ 
onator  of  low  frequency  is  required.  TT(Xi)  Cut  is 


iHlCk'.VESS-to-lylDTH  fi.4TI0  fizx 

Fig.f)  Relationship  between  fiequency  constant  (f -y,,) 
and  thickness  to  width  ratio  Rzx  when  cut  angle 
0  is  taken  as  a  paiameter. 


Fig.6  Relat ionsliip  between  resonant  fiequency  f  and 
length  yii  of  vibration  arm  when  thickness  to 
width  ratio  Rzx  is  taken  as  a  parameter. 


found  to  prefer  to  TT(X?)-Cut  for  0  10°.  because 

the  constant  for  TT(Xi)  Cut  with  a  positive  value  of 
0  is  smaller  than  that  for  TTfX^)  Cut  with  a  negative 
value  of  0. 

Figure  5  shows  a  relationship  between  thickness  to 
width  ratio  Rzx  and  frequency  constant  (f-y„)  of  a 
resonator  with  cut  angle  0-  2.')°,  when  cut  angle  0  is 
taken  as  a  paramet..r.  As  is  obvious  from  equation  (9), 
since  frequency  constant  (f  -yn)  is  approximately  pro 
portional  to  thickness  to  width  ratio  Rzx  for  thickness 
Zn  smaller  than  width  x,,.  as  is  shown  in  Fig.  5.  the  fre 
quency  constant  (f  •y,,)  increases  gradually  acrniding  to 
gradual  increase  of  Rzx.  However,  according  to  further 
increase  of  Rzx.  it  shows  giadual  satuiation.  Furthei 
more,  frequency  constant  (f  •yn)  has  a  value  of  78.9kllz 
•cm  in  the  calculation  and  78.8kllz*cm  in  the  measured 
value  for  cut  angles  0  -25°,  0  10°  and  Rzx  0.8. 

Both  results  agree  well.  This  value  is  between  frequency 
constants  for  tuning  foik  type  quartz  crystal  resonatni 
and  a  length  extrnsional  quartz  crystal  lesonatoi. 
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0  (xiO-Vt")  TllICKNESS-to-WlDT 


Cut  Angle  4>  (deg.) 


Fig.7  Rclal ionchip  between  Itiickness  lo-width  ratio 
Rzx  and  angle  0  witV.  the  fust  order  temper 
ature  coefficient  rt  =  0  when  cut  angle  o  is 
taken  as  a  parameter,  and  the  then 5  value. 


Cut  Angle  0  (Dec.) 


Fig. 8  Another  example  of  Relationship  between 
thickness-to-width  ratio  Rzx  and  angle 
0  with  the  first  order  temperature  coet 
ficient  a^O  when  cut  angle  0  is  taken 
as  a  parameter,  and  the  then  >3  value. 


Therefore,  when  resonator's  size  is  taken  into  account, 
the  present  resonator  is  effective  in  a  frequency  range 
of  200kHz  to  500kHz  particularly  as  will  be  exhibited  in 
Fig.  6. 

Figure  6  shows  a  relationship  of  resonant  frequency 
versus  length  yo  of  a  resonator  with  cut  angles  0=6.5°. 
0  90°.  when  thickness  to  width  ratio  Rzx  is  taken  as 
a  paremetcr.  In  this  condition  the  thickness  to  width 
ratio  Rzx  is  0.95.  which  gives  the  first  order  temper 
ature  coefficient  a  =0.  Accordingly,  the  resonant  fre 
quency  varies  from  631kHz  to  143kHz.  when  length  yu 
varies  from  liran  to  5mm  at  Rzx=0.521.  In  addition,  in 

order  to  house  the  resonator  in  a  resonator  unit  of  2mm 
0x6mm  length  which  is  used  widely  for  a  tuning  fork- 
type  quartz  crystal  resonator,  length  y.,  must  be  smaller 
than  3.0mm.  From  the  result,  resonant  frequency  higher 
than  2.33kHz  is  obtained,  but.  because  y,i  can  not  be 
taken  to  he  very  small,  when  electrical  characteristics 
are  taken  into  consideration,  the  upper  limit  of  fre 
quency  for  a  tuning  fork  type  torsional  quartz  crystal 
resonator,  therefore,  seems  to  be  approximately  840kHz. 
In  order  to  realize  a  resonator  of  high  frequency,  as 
was  already-described,  it  is  understood  that  a  free-free 
bai  type  resonator  is  more  suitable  because  its  frequen¬ 
cy  constant  becomes  large. 


4.3  Frequency  teroerature  coefficients 


Figure  7  shows  a  relationship  between  thickness  to 
width  ratio  Rzx  and  cut  angle  0  of  a  resonator  wheie 
the  first  order  temperature  coefficient  a  reaches  zero 

(a)  and  the  then  second  order  temperature  coefficient 

(b) .  As  is  apparent  from  Fig.7.  it  is  understood  that 
numerous  relationships  exist  between  Rzx  and  0  whereat 
a  reaches  zero.  However,  a  relationship  between  Rzx  and 
0  whereat  an  absolute  value  of  /3  becomes  comparatively 
small,  exists  finitely.  When  taking  into  account  the  cut 
angle  whereat  a  resonator  is  piezoelectrica I  ly  excited 
sufficiently,  for  T T (Xi )  Cut  wi ih  a  pos i t ive  value 
of  0.  the  absolute  value  of  $  becomes  comparatively 
small  at  0  =  10°  and  0=25°  to  28°.  and  has  a  value 
of  1. 16x10 V'C*  to  1.25x10  "/"C^  in  the  calculation 
and  1.29x10  "/"C'  to  1.58xl0  ".'"C'  in  the  experiments. 
These  results  agree  sufficiently  well.  On  the  other  hand, 
for  TTfXj)  Cut  with  a  negative  value  of  0.  the  ahso 
hite  value  of  /9  becomes  comparatively  small  at  0  .30" 
and  0=  41°  to  43°.  and  has  a  value  of  l.OGxio  " 

to  1. 07x  10  "/’C'  in  the  calculation  and  l.23xio  " 
/"C^  in  the  experiment  for  0  =  -42°.  Thus,  the  absolute 
value  of  ^  for  TT(X|)  Cut  and  TT(Xz)  Cut  has  one 
third  value  of  the  tuning  fork  type  quartz  crystal  reso 
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Pig. 9  Frequency  temperature  behavior. 


Fig.  10  Another  example  of  frequency  temperature 
behavior. 

nator.  In  addition,  when  0-^28°  and  9=10°,  thickness- 
to  width  ratio  Rzx  to  give  a  — 0  at  20’C  is  0.705  in 
the  experiments  and  0.93  in  the  calculation,  though  an 
error  of  about  2i%  between  both  results  takes  place, 
this  is  probably  because  of  ignorance  of  piezoelectric 
effect  and  clastic  stiffness  cib  in  the  derivation  of 
the  frequency  equation,  an  error  of  width  dimension 
caused  by  an  etching  process  and  so  on. 

Figure  8  shows  the  same  relationship  as  described 
in  Fig.  7.  when  6  varies  from  10°  to  80°.  The  absolute 
value  of  /3  is  found  to  become  small  also  for  0=40° 
to  60°.  Although  a  relationship  between  Rzx  and  0  which 
takes  0  to  be  small  exists  numerously,  this  is  decided 
by  goodness  of  piezoelectric  efficiency,  ease  by  a 
chemical  etching  process  and  so  on. 

4,4  FreQuency  lemperaLure  befia^yjor 

Figure  9  shows  an  example  of  frequency  temperature 
behavior  of  a  resonator  with  0=28°.  0  =  10°  and  length 
y  11  2mm.  The  solid  lines  show  the  calculated  value 
when  Rzx  0.937.  while  the  sign  O  shows  the  measured 
values  when  Rzx  =  0. 718.  Though  the  error  of  about  2.3!ll 


Thickness- to- Width  Ratio  Rzx 

Fig.  11  Relationship  of  Ri  and  Q  versus  thickness 
to  width  ratio  Rzx  when  rut  angle  0  is  taken 
as  a  parameter. 


Table  1  Typical  values  of  electrical  equivalent 
circuit  parameters. 
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26 
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1  1,64 

276  1 

0.  434  ! 

1  4190 

takes  place  in  the  calculated  value  and  the  measured  one 
of  Rzx.  this  reason  was  already  described  in  Fig. 7.  In 
addition,  the  second  order  temperature  coefficient  0  of 
the  resonator  with  a=0  approximately  is  l.lGxio  " 
/T^  in  llie  calculation  and  -1.29x10  "/''C'  in  the  ex 
periments.  these  results  agree  sufficiently  well.  The 
dotted  line  shows  the  frequency  temperature  behavior  of 
a  tuning  fork  type  flexural  quartz  crystal  resonator 
with  /3  =  -3. 5x10  "  “C*  whose  absolute  value  is  com 
paratively  laige.  The  present  torsional  quaitz  ciystal 
resonator,  therefore,  shows  more  excellent  frequency 
temperature  behavior  than  that  of  the  tuning  fork  type 
flexural  quartz  crystal  resonator. 

Figure  10  shows  another  example  of  frequency  tern 
perature  behavior  of  a  resonator  with  cut  angles  0^ 
42°  and  0=30°.  It  is  easily  predicted  that  turn  over 
temperature  point  (T  •  p)  shifts,  because  a  varies  mark 

edly  with  a  value  of  Rzx.  In  the  condition  of  the  pres 

enl  resonator,  when  Rzx  =  l.062  in  the  calculation  and 
Rzx  =  0.749  in  the  experiments,  a  reaches  zero  at  20“C. 

so  that  T  •  p  can  be  set  up  in  the  vicinity  of  room  tem 

perature.  Furthermore,  the  then  0  is  t. 07x10 
and  -  1. 23X  10  "/'’C*  respectively,  as  well  as  the  reso 
nator  in  Fig.  9,  a  torsional  quartz  crystal  resonator  is 
theoretically  and  experimentally  obtained  with  a  small 
0  in  an  absolute  value.  Hereafter,  the  detail  confirraa 
lion  including  another  cut  angles  will  he  perfoimed  in 
the  experiments. 

4. 5 _ElecJrjcal_charac  ter  i  si  i  cs 

Figure  11  shows  a  relationship  of  series  resistance 
Ri  and  a  quality  factor  veisus  thickness  to  width  ratio 
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K/x  of  a  K'soiialoi  with  cut  aiijjli’s  <;t>  1^5°.  f)  lO”  and 

iO".  and  l(‘iit!Ui  y,i  itinm,  wlii'ii  widtii  x..  and  thirkiu’ss  /„ 
am  vari(Mi,  As  alicady  dcsci  itind  In  KU.  '),  hccausc  the 
P in/oc UtI I  ic  constant  differs  at  0  10"  and  00°.  that 

is.  p iczoc lect I  ic  constarrt  Cn,  at  0  30"  is  latKnr  tlran 
that  at  0  10”,  Ki  has  a  tcfiiaikahly  small  valiin  and  a 

hii'h  iiuality  factor  is  ohtairred.  It  is  understood  from 
Kr«.  11  that  Ki  and  Q  valut'  hardly  vary  versus  thick 
ness  to  wrdtir  ratio  Rzx. 

Tahle  1  shows  typical  values  of  electr  ical  e<|uiva 
lent  circuit  parameters  for  resorrators  with  cut  anKles 
0  0"  3ti"  and  0  10°  or  30°,  and  leirgth  y.j  2trBtL 

The  values  are  sufficiently  satisfactory  as  a  resonator. 


§5  Cone  1  us  ions 

Irr  this  paiier.  a  new  cut  torsiorral  (luarlz  crystal 
resonator,  which  was  desigirated  "XT  Cut'  classified 
into'TTtXi)  Cut"  and'TTfXa)  Cut",  was  proposed, 
and  a  study  was  performed  with  a  view  to  clarifying  its 
freriuency  characteristics,  frequency  temperature  behav 
ior  and  eler-lrical  characteristics.  First,  in  an  analy 
sis  procedure,  equation  of  motion  was  derived  from  an 
energy  method  and  the  frequency  equation  was  derived 
under  the  boundary  condition  of  "free  free  bar"  or 
"clamped  free  bar".  Next,  frequency  characteristics  were 
clarified  versus  cut  angle  <t>  and  thickness  to  width 
ratio  Rzx  from  the  obtained  frequency  equation.  Spe¬ 
cifically.  it  was  shown  rn  the  calculation  and  in  the 
expet  iments  that  a  region  wherein  frequency  constant 
becomes  small  for  TT(Xi)  Cut  exists.  Simultaneously, 
the  calculated  and  measured  values  were  found  to  agree 
comparatively  well. 

In  addition,  it  was  theoretically  shown  that  a 
combination  of  thickness  to  width  ratio  Rzx  and  cut 
aitgles  (0.  0)  where  the  first  order  temperature  coeffi 
cient  reaches  zero  exists  numerously.  In  the  combina¬ 
tions.  an  absolute  value  of  the  second  order  temperature 
coefficient  was  found  to  become  small  at  both  regions  of 
TT(Xi)  Cutand  TTfXj)  Cut.  the  calculated  values 
were  then  compared  with  the  measured  ones  for  TT(X|)- 
Cut.  As  a  result,  it  was  shown  that  the  calculated  and 
measured  values  of  the  second  order  temperature  coeffi 
cient  for  a  0.  agree  sufficient ly  wel 1.  Furthermore, 
an  example  of  frequency  temperature  behavior  was  shown 
and  also  it  was  shown  in  the  calculation  and  in  the 
experiments  that  the  tuning  fork  type  torsional  quartz 
crystal  resonator  has  a  frequency  deviation  versus  tern 
perature  smal Icr  than  the  tuning  fork  type  flexural 
quartz  crystal  resonator. 

Finally,  electrical  equivalent  circuit  parameters 
for  the  present  torsional  quaitz  crystal  resonator  were 
examined  experimentally.  Consequently,  the  present  reso 
nator  was  found  to  be  a  resonator  with  a  low  frequency 
of  a  few  hundred  kHz.  a  small  R,  and  a  high  quality 
factoi.  Therefore,  the  present  resonator  is  very  suita 
ble  for  handy  type  products  such  as  a  wristwatch  and  so 
on. 

For  the  coming  subject,  a  study  on  possibility  of 
improvement  in  frequency  temperature  behavior  will  be 
performed. 
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Surface  of  a  Circular  and  Elect roded  AT-Cut  Quartz  Resonator. 
Y-K  Yong*,  J.T.  Stewart*,  J.  Detaint^,  A.  ZarkaC  N.  Capelle*,  and  Y.  Zheng* 
*Dept.  of  Civil/Environmentai  Engineering,  Rutgers  University, 

P.O.  Box  909,  Piscataway,  NJ  08855-0909:  *  CNET  dept 
PAB/BAG/MCT/CMM,  Bagneux,  France;  *  L.M.C.  Universite,  Paris,  France. 


ABSTRACT. 

Finite  element  solutions  for  the  fundamental  thickness 
shear  mode  and  the  second  anharmonic  overtone  of  a  cir¬ 
cular.  1.87  Mh/  AT-Cut  quartz  plate  with  no  electrodes 
are  presented  and  compared  with  previously  obtained(l] 
results  for  a  rectangular  plate  of  similar  properties.  The 
edge  llcxural  mode  in  circular  plates,  a  vibration  mode  not 
seen  in  the  rectangular  plate,  is  also  presented.  A  5  Mhz 
circular  and  clcctrodcd  AT-cut  quartz  plates  is  studied.  A 
portion  of  the  frequency  spectrum  is  constructed  in  the 
neighborhtxrd  of  the  fundamental  thickness-shear  mode. 
A  convergence  study  is  also  presented  for  the  electroded 
5  Mhz  plate.  A  new  two  dimensional  technique  for  vi¬ 
sualizing  the  vibration  mode  solutions  is  presented.  This 
method  departs  substantially  from  the  three  dimensional 
"wire-frame”  plots  presented  in  the  previous  analysis.  The 
two  dimensional  images  can  be  manipulated  to  produce 
nodal  line  diagrams  and  can  be  color  coded  to  illustrate 
mode  shapes  and  energy  trapping  phenomenon.  A  con¬ 
tour  plot  of  the  mass-frequency  influence  surface  for  the 
plated  5  Mhz  resonator  is  presented.  The  mass-frequency 
inlluence  surface  is  defined  as  a  surface  giving  the  fre¬ 
quency  change  due  to  a  small  localized  mass  applied  to 
the  resonator  surface. 

_ I.  Introduction. _ 

The  use  of  quartz  crystal  plates  in  ulU'asonics  is  well 
studied  experimentally.  Analytical  closed  form  solutions 
of  a  freely  vibrating  anisou-opic  elastic  plate  can  in  general 
only  be  obtained  for  either  a  one  dimensional  problem, 
or  in  an  infinite  domain.  For  a  two-dimensional  finite 
domain,  solutions  may  be  obtained  either  approximately, 
or  for  certain  specific  types  of  boundary  conditions  and 
geomeuies.  To  perform  a  practical  analysis  of  the  AT-cut 
quartz  resonator,  it  is  necessary  to  solve  the  free  vibration 
problem  for  a  finite  plate.  In  this  paper,  such  a  problem  is 
solved  using  the  finite  element  method. 

The  high  frequency  vibrations  as  well  as  the  anisotrop- 
icily  of  quartz  demands  that  a  general  thick  plate  theory 
be  used.  In  this  study,  Mindlin’s  two  dimensional  plate 


equations  arc  truncated  to  a  first  order  approximation.  The 
first  order  approximation  is  chosen  because  it  is  the  lowest 
order  formulation  which  includes  the  major  modes  of  in¬ 
terest,  namely,  the  fundamental  thickness-shear  mode«[2]. 
Real  AT-cut  resonators  generally  contain  a  thin  electrode 
plating  on  a  ponion  of  each  face,  across  which  a  time  vary¬ 
ing  voltage  is  applied  to  drive  the  vibration.  The  effect  of 
this  electrode  plating  was  studied  analytically  by  Mindlin 
[3]  for  an  infinite  plate.  Mindlin’s  equations  for  the  elec¬ 
troded  plate  are  incorporated  into  the  present  analysis  so 
that  the  effects  on  frequencies  and  mode  shapes  of  this 
electrode  plating  can  be  studied.  The  formulation  for  the 
plated  problem  is  also  useful  for  assessing  the  mass  load¬ 
ing  sensitivity  of  a  given  plate.  Yong  and  Vig[4)  proposed 
that  surface  contamination  may  be  a  contributor  to  random 
frequency  fluctuations  of  a  thickness  shear  resonator,  and  a 
useful  parameter  in  predicting  the  magnitude  of  these  fre¬ 
quency  fluctuations  is  the  frequency  change  due  to  molec¬ 
ular  mass  loading  on  the  plate’s  surface.  This  mass  loading 
effect  is  highly  position  dependent.  The  variation  of  the 
change  in  frequency  due  to  a  unit  mass  loading  at  a  cer¬ 
tain  position  is  given  by  the  frequency  influence  surface, 
which,  in  this  paper,  is  calculated  for  an  electroded  5  Mhz 
circular  plate  with  an  aspect  ratio  (ratio  of  diameter  to 
thickness)  of  24.0. 

The  finite  element  formulation  for  the  first  order  plate 
theory  is  derived  using  a  non-conforming  bilinear  quadri¬ 
lateral  element.  The  element  is  chosen  because  its  formu¬ 
lation  is  relatively  simple  and  it  performs  well  as  a  thick 
plate  clement[l].  A  finite  element  program  is  written  to 
solve  the  resulting  eigenvalue  problem.  The  program  in¬ 
cludes  an  efficient  eigenvalue  solver  employing  the  Lanc- 
zos  algorithm  [5,6]  which  allows  die  user  to  find  reso¬ 
nant  frequencies  within  a  specified  bandwidth.  Using  this 
program,  the  frequency  spectrum  and  mode  shapes  in  the 
region  around  the  fundamental  thickness-shear  mode  are 
studied.  The  computer  work  was  performed  on  a  CRAY-2 
supercomputer  at  the  National  Center  for  Supcrcomputing 
Applications  (NCSA). 
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II.  MIndlin’s  Plate  Equations  for 
Thickness-Shear,  Thickness-Twist, 
and  Fiexurai  Vibrations  in  an  AT- 
cut.  Electrode  Plated  Quartz  Plate. 


Figure  1  shows  the  general  plate  problem  considered: 
a  circular  plate  of  diameter  2a,  thickness  2b  and  mass 
density  p  with  optional  electrode  plating  of  diameter  la' 
thickness  2b'  and  mass  density  p'.  Mindlin’s  two  dimen¬ 
sional  plate  equations  are  obtained  by  expanding  the  three 
dimensional  equations  of  motion  for  an  elastic  continuum 
into  an  infinite  series  of  powers  of  the  thickness  coordinate 
(JC2).  The  resulting  equations  are  then  integrated  through 
the  thickness,  eliminating  the  x^  dependence.  The  approx¬ 
imate  plate  equations  are  then  obtained  by  truncating[2] 
this  scries  to  the  first  order  plate  equations.  For  economy 
of  space,  the  finite  element  equations  and  their  derivations 
are  not  repeated  here  and  the  interested  reader  is  referred 
to  reference  [1].  We  list  here  the  partial  differential  equa¬ 
tions  for  the  boundary  value  problem  of  an  AT-cut  quartz 
resonator  solved  numerically  using  finite  elements: 

a)  Stress  equations  of  motion. 


Q3  =  26i^C4473. 

(5) 

Ml  =  -b^  ^CiiXi  -1-  C13X3)  1 

(6) 

M3  —  -^b^  ^Ci3Xi  -t-  C33X3)  , 

(7) 

2 

and  Ms  =  -b^C^sXs, 

(8) 

where  7,  (i=lj)  are  the  shear  strains,  and  x/.  Xi.  and  Xs 
are  the  xj  bending  curvature,  xj  bending  curvature,  and 
twisting  curvauire,  respectively.  The  coefficients  and 
kl  in  Eqns.  (4)-(5)  are  shear  correction  factors  which 
include  mass  loading  effects[3],  that  is. 


where 


-2  _  w^l  +  3R) 


and  k^  = 


(l  +  SR) 


1-1- 


12fc? 


R 


(9) 

(10) 


The  stress  equations  of  motion  accommodating 
thickness-shear,  thickness-twist,  and  flexural  vibrations 
arc 

Qi.i -I- Qa.a  =  26p(l -f /Z)  ti2i  (1) 

=  |6V(l-l-3iZ)t^i,  (2) 

Ms.i  +  M3  3  —  Q3  —  2  (1-1-  3/Z)  ^3,  (3) 

where  the  terms  Qi  (i=l,3)  are  the  transverse  shear  forces 
per  unit  length,  and  Af,  are  the  bending  moments 

per  unit  length,  and,  Afj  is  the  twisting  moment  per  unit 
length.  The  term  R  =  2p'b'l(pb)  is  ratio  of  mass  of 
electrodes  to  mass  of  plate  per  unit  area.  Displacement 
U2  is  the  transverse  displacement  in  the  X2  direction,  and 
V’/,  and  Ip 3  are  shear  rotations  about  the  x/,  and  xj  axes, 
respectively. 


The  terms  Cp^  are  elastic  stiffnesses  for  AT-cut  quartz, 
and  and  Cpq  are  functions  of  the  elastic  stiffnesses, 
namely, 

=  Cp,  -  ,  (12) 

Cp,  =  Cp,  -  .  (13) 

^44 

and  C55  =  C55  -  ^  .  (14) 

Eqns.  (l)-(3)  were  uncoupled  from  extensional  motions 
by  setting  Cm  =  C34  =  C56  =  0.  In  this  paper,  we  em¬ 
ploy  the  values  of  elastic  stiffnesses  given  by  Bechmann, 
Ballato  and  Lukaszek[7]. 


b)  Stress-strain  relations. 

For  an  AT-cut  quartz  plate,  the  elastic  constants  ex¬ 
hibits  monoclinic  symmetry  when  the  x/  axis  coincides 
with  one  of  the  digonal  axes  of  crystal.  The  constitutive 
relations  arc 

Qi  =  26t?C667i,  (4) 


c)  Strain-displacements  relations. 

The  strain-displacement  relations  are 


7l  =  U2,l  -f 

(15) 

73  =  U2,3  -1-  t/>3, 

(16) 
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di  (  [0. 1]: 


Xl  =  v-l,!, 

X3  =  ^3,3, 

and  Xs  =  V'3,1  +  V'1,3- 


(17) 

(18) 

(19) 


for  di  <  0.25 


r/fi  =0 
{  Gi  =  Adi 
KBi-l 
(Ri^O 
'i  <  0.5,  {g,  =  \ 

I  Bi  =  -4d. 

/  r7  - 


/ii  =  0 

for  0.25  <  di  _ 

+  2 

Hi  =  Adi -2 

for  <r  A,  C  fl  7.'i  i  n  -  1 


(20) 


III.  Visualization  of  Solutions 


The  post-processing  phase  of  our  finite  element  anal¬ 
ysis  may  be  as  important  as  the  actual  solution  phase.  It 
is  not  only  necessary  to  compute  the  frequency  spectrum 
for  a  given  plate,  but  also  to  study  the  complex  vibration 
mode  shapes  which  result.  For  resonator  design  purposes, 
it  would  be  very  useful  if  accurate  and  concise  visual  data 
is  available  to  aid  in  the  siting  of  device  mountings,  and  to 
study  the  effects  of  plate  geometry  and  electrode  geometry 
and  its  position.  Some  of  this  data  can  be  obtained  ex¬ 
perimentally  through  the  use  of  stroboscopic  X-ray  topog¬ 
raphy,  which  requires  an  elaborate  and  costly  laboratory 
setup. 

To  visualize  the  finite  element  solutions  obtained,  a 
two-dimensional  technique  is  employed.  Previously,  mode 
shapes  were  plotted  as  three-dimensional  surfaces  with 
hidden  lines  removed!  1].  In  the  present  study,  use  is 
made  of  a  Silicon  Graphics  Iris  workstation  to  produce  2-D 
Gouraud  shaded  images  of  the  vibration  mode  shapes.  A 
simple  FORTRAN  program  is  written  which  uses  v2f  and 
c3f  calls  to  the  Iris  GL  library[8]  to  construct  2-D  polygons 
with  colors  specified  at  each  vertex.  In  our  case,  the 
polygons  are  four-node  quadrilateral  elements  employed  in 
the  finite  element  analysis,  and  the  vertices  are  the  element 
nodes.  The  colors  are  supplied  to  the  i'*'  vertex  (nodei) 
via  a  3-D  vector  where  G,  and  B,  denote 

fractions  of  red,  green,  and  blue  that  make  up  the  desired 
color,  namely,  each  one  of  the  three  primary  colors  can 
vary  from  a  value  of  zero  to  one.  To  produce  a  particular 
image,  the  nodal  displacements  from  the  finite  element 
eigenvalue  problem  are  normalized  into  the  interval  [0,1], 
and  the  color  proportions  are  computed  by  mapping  this 
interval  into  the  proper  values  of  G,  and  B,.  Three 
useful  images  of  mode  shapes  can  be  created  using  this 
technique; 

1 .  Color  images.  To  produce  a  linearly  graded  color 
mapping  ranging  from  blue  representing  the  minimum  dis¬ 
placement  to  green  (zero)  and  red  (maximum),  the  follow¬ 
ing  transformation  is  applied  to  a  nodal  displacement  value 


’IbUo 

(Ri  =  l 

for  0.75  <diAGi  =  -Adi  -|-  4 
I  Bi  =  0 

2.  Grey  scale  images.  To  produce  a  grey  scale 
mapping  with  black  and  white  representing  minimum  and 
maximum  of  the  displacement  values,  respectively,  the 
following  transformation  is  applied  to  the  same  value  di: 

Ri  =  Gi  =  Bi=  di  (21) 

3.  Nodal  line  images.  To  produce  a  nodal  line  image 
in  which  the  curves  representing  the  zeros  of  the  vibration 
mode  are  shown  in  black,  and  the  rest  of  the  displacement 
values  is  represented  in  light  grey  or  white,  the  following 
transformation  is  applied  to  dt: 

Hi  =  Gi  =  Bi  =  \2di  -  ll^  (22) 

where  p  is  a  value  (<  1)  chosen  by  the  user.  The  smaller 
the  value  of  p  the  finer  the  nodal  lines.  The  value  of  p 
used  fcM-  this  analysis  is  0.3. 

The  figures  presented  in  this  paper  are  grey  scale 
and  nodal-line  images  of  some  of  the  important  vibration 
modes.  The  grey  scale  images  are  comparable  to  the  exper¬ 
imental  X-ray  stroboscopic  images  taken  of  the  resonator. 
The  nodal  line  images  will  be  useful  in  the  design  process 
because  they  locale  areas  where  displacements  are  minimal 
for  mounting  purposes.  Since  each  vibration  mode  has  a 
unique  nodal  line  pattern,  these  images  also  may  be  used 
to  identify  quickly  the  modes  of  vibration.  Color  images 
are  not  presented  here  because  they  cannot  be  reproduced 
in  a  black  and  white  medium. 

IV.  Frequency  Spectrums  and 
Mode  Shapes  Of  Circular  Plated 
And  Unplated  AT-Cut  Quartz  Plates 

A  uniformly  impressed  electric  field  over  the  AT-Cut 
quartz  plate  will  excite  modes  that  have 

1.  U2  odd  in  xi  and  even  in  xj, 

2.  even  in  x/  and  even  in  xj,  and 

3.  %l>3  odd  in  x/  and  odd  in  xj. 
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The  resonator  can  thus  be  modeled  using  a  quarter  plate 
and  imposing  the  essential  boundary  conditions  U2  =  ipj  = 
0  along  the  Jtj  axis,  and  i/  j  =  0  along  the  xi  axis.  This 
results  in  a  substantial  savings  in  storage  and  computation 
as  well  as  reducing  the  number  of  modes  to  be  computed 
within  a  specified  bandwidth.  Figure  2  shows  a  typical 
finite  element  discretization  with  optional  electrode  plating 
and  mass  loading. 

(a)  1.9  Mhz  Unplated  AT*Cut  Quartz  Resonator. 

A  1.9  Mhz  unelectroded,  circular  plate  is  studied  for 
aspect  ratios  ranging  from  15.000  to  16.000  and  vibra¬ 
tion  frequencies  in  the  neighborhood  of  the  fundamental 
thickness-shear  mode.  The  problem  was  modeled  with 
16,707  displacement  degrees  of  freedom.  Figure  3  shows 
a  portion  of  the  frequency  spectrum  ranging  over  the  aspect 
ratios  of  15.000  to  16.000,  and  with  the  natural  frequencies 
normalized  by  w  =  ^  \J^'  is  the  cutoff  frequency 
of  an  infinite  plate  of  the  same  thickness. 

The  nodal  line  plot  for  the  fundamental  thickness- 
shear  mode  (TS-1)  of  the  circular  plate  with  an  aspect 
ratio  of  15.500  is  shown  in  Fig.4,  and  is  compared  with 
Fig.5  of  a  rectangular  plate  with  the  same  aspect  ratio. 
The  mode  for  the  circular  plate  corresponds  to  point  Aa  in 
Fig.3.  The  first  anharmonic  overtone  of  the  fundamental 
thickness-shear  mode  (TS-3)  for  the  two  plates  are  also 
compared  in  Figs.6  and  7.  The  mode  of  Fig.6  corresponds 
to  point  Ab  of  Fig.3.  Based  on  these  four  figures,  we 
make  the  following  observation: 

1.  The  assumption  originally  made  by  Mindlin  and 
Gazis[9]  for  straight  crested  wave  solutions  in  rect¬ 
angular  AT-cut  plates  vibrating  in  the  fundamental 
thickness  shear  and  its  anharmonic  overtones  is  fairly 
good  as  seen  by  the  fairly  straight  nodal  line  patterns 
over  a  large  area  of  the  plate.  There  are  some  excep¬ 
tions,  namely,  for  the  ui  displacement  of  Fig.5  along 
the  boundary  at  x\  =  ±a,  and  the  V'a  shear  of  Figs.5 
and  7  along  the  boundary  at  xs  =  ±a. 

2.  Straight  crested  wave  solutions  for  circular  plates  are 
unrealistic.  The  nodal  lines  are  neither  straight  nor 
axis-symmetric. 

(b)  5  Mhz  Unplated  and  Plated  AT-Cut 
Quartz  Resonator 

A  5  Mhz  circular  plate  with  and  without  electrode 
plating  is  studied  for  aspect  ratios  ranging  from  24.000  to 
25.000  in  the  neighborhood  of  the  fundamental  thickness- 
shear  mode  (TS-1).  A  convergence  study  of  a  plated 
circular  plate  with  an  aspect  ratio  of  24.0  was  performed 
for  the  TS-1  mode  (5.07  Mhz)  and  the  TS-3  mode  (5.12 
Mhz).  The  results  of  this  study  are  presented  in  Fig.8.  The 
frequencies  converge  monotonically  from  below. 


Figures  9  and  10  show  respectively,  the  frequency 
spectra  for  the  unplaied  and  plated  resonators,  ranging  over 
the  aspect  ratios  discussed  above.  The  calculations  were 
performed  using  an  R  value  of  6.73x10'^,  a  quarter  plate 
and  20,655  displacement  degrees  of  freedom.  We  observe 
the  two  spectra  are  quite  similar,  except  for  the  TS-1  and 
TS-3  branches  which  are  lower  in  frequency  and  more 
pronounced  for  the  plated  resonator. 

Figure  1 1  shows  a  grey-scale  image  of  the  TS-1  mode 
shape  for  the  plated  5  Mhz  resonator  with  an  aspect  ratio 
of  24.375.  This  mode  corresponds  to  point  Ca  in  Fig.lO. 
Shown  in  Fig.  12  is  a  nodal-line  image  for  the  same  plate. 
Figures  13  and  14  are  grey-scale  and  nodal-line  images, 
respectively,  for  the  TS-3  mode  which  corresponds  to  point 
Cb  in  Fig.lO.  The  «2  and  mode  shapes  are  more 
intricate  than  their  counterparts  in  Figs.4  and  6. 

Figure  1 5  exhibits  a  mode  of  vibration  not  previously 
observed  in  rectangular  plates.  We  named  this  mode  the 
edge  flexural  mode,  due  to  the  fact  that  the  strain  energy 
is  concentrated  along  the  circular  plate  edges  and  the  pre¬ 
dominant  displacement  is  the  transverse  flexural  displace¬ 
ment  U2  component.  This  image  corresponds  to  point  Cc 
of  Fig.lO.  The  edge  flexural  mode  may  be  excited  by  elec¬ 
trode  fingers  of  alternating  voltages  distributed  along  the 
circumference.  Such  a  resonator  may  have  useful  applica¬ 
tions  and  its  resonant  frequency  is  limited  only  by  the  num¬ 
ber  of  electrode  fingers  along  the  circumference.  Hence, 
very  high  resonant  frequencies  may  be  obtained.  The  res¬ 
onator  can  be  mounted  at  the  center.  Unwanted  modes 
may  be  suppressed  by  strong  damping  near  the  center  of 
the  plate. 


V.  Mass  Frequency  Influence  Surface  of  a 
5  Mhz  Plated  Circular  AT-Cut  Quartz  plate 


The  finite  element  program  is  employed  to  construct 
the  mass  frequency  influence  surface  for  the  5  Mhz  elec- 
troded  circular  plate  with  an  aspect  ratio  of  24.000  and 
vibrating  in  the  fundamental  thickness-shear  mode.  This 
surface  gives  the  frequency  effect  of  a  small,  discrete,  mass 
loading  as  a  function  of  position  on  the  plate’s  surface. 
For  a  very  small  mass  loading  m(x/.  xj)  uglmn^  such  that 
m(xi  X3)/  (26p)  ~  10~®,  the  frequency  change  is  a  lin¬ 
ear  function  of  m(xy,  xj),  and  it  does  not  matter  whether 
the  mass  layer  is  on  the  top  or  bottom  surface  of  the  plate. 
The  frequency  change  for  the  resonator  is  an  algebraic  sum 
of  the  frequency  effects  of  m(xi .  xj)  over  the  entire  plate. 
Hence,  we  define  the  mass  frequency  influence  surface 
,  xj)  Hzifig  as  a  function  such  that 

y  F  (xi ,  X3)  m  (xi ,  X3)  dA  -  -A/  (23) 

A 
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where  A/  is  the  change  in  resonator  frequency  in  Hz,  and 
A  the  plate  area  in  mrr? . 

Figure  16  shows  a  contour  plot  of  the  mass  frequency 
inlluence  surface  of  the  5  MHz  electroded  plate.  A  maxi¬ 
mum  frequency  change  of  398  Hz//jg  is  observed  just  off 
center  along  the  xi  axis.  There  are  a  few  locations  along 
a  line  passing  through  the  plate  center  in  the  xi  direction 
that  show  high  sensitivity  to  mass  loading.  The  area  of 
plate  surface  which  is  most  sensitive  to  mass  loading  is 
located  near  the  center  of  the  electrodes. 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 

A  Simple  Model  for  Quartz  Resonator  Low  Level  Drive  Sensitivity 

Lawrence  Dworsky 
Robert  Kinsman 

Motorola,  Inc. 

Abstract  problem  showed  either  an  increase  in  crystal  resistance  as 

the  drive  level  was  lowered  or  a  peak  in  resistance  at  some 
specific  drive  level.  If  the  (increased)  resistance  was  high 
The  nature  of  the  observed  phenomenon  of  “start-  enough,  the  oscillator  circuit  gain  was  inadequate  and 
ing  resistance”  is  reviewed,  along  with  the  accompanying  oscillation  would  not  occur.  Marginal  crystal  units  were 
experimental  evidence  of  high  drive-level  altering  and  particularly  frustrating  in  that  they  may  or  may  not  oscillate 

sometimes  “curing”  of  the  malady.  A  simple  phenomeno-  at  any  given  time.  The  usual  “cure”  in  this  case  was  to 

logical  model  is  proposed,  and  then  it  is  shown  that  this  switch  the  power  on  and  off  until  oscillation  started.  Some- 

model  does  indeed  predict  all  of  the  observed  properties  of  times,  driving  the  crystal  at  a  level  many  times  the  designed 

starting  resistance  with  the  exception  of  high  drive  curing.  operating  level,  or  “high  driving”,  would  “cure”  the  prob- 

Device  changes  due  to  high  drive  which  would  account  for  lem;  sometimes  high  driving  would  have  no  effect  Often 

the  observed  characteristics  and  fit  within  the  assumptions  the  high  drive  cure  was  permanent  sometimes  (particulai  !y 
of  the  model  are  contemplated.  when  the  crystal  is  not  operated  for  a  period  of  time)  the 

problem  returned  (hence  the  descriptor  “sleeping  sick¬ 
ness”. 

Introduction  purpose  of  this  paper  is  to  briefly  review  the 

■  literature  in  this  area,  and  then  to  suggest  a  single  physical 

model  which  can  account  for  all  of  the  observed  phenom- 
The  phenomenon  of  drive  power-level  sensitivity  ena.  To  this  latter  end,  a  simple,  phenomenological,  model 

of  quartz  resonators  has  been  recognized  for  several  which  couples  a  sliding  small  mass  to  the  main  resonator 

decades.  It  has  been  described  by  many  names.  Starting  vibrating  mass  is  proposed.  Non-linearity  is  introduced  in 

Resistance,  Sleeping  Sickness  and  Second  Level  of  Drive  mms  of  inelastic  collisions  of  these  masses  and  deforma¬ 
being  just  a  few.  The  problem  relates  to  the  fact  that  the  tions  of  the  small  mass.  Experimental  data  is  included  and 

parameters  of  a  linear  device  should  not  vary  with  excita-  it  is  shown  that  this  simple  model  does  indeed  replicate  ail 

tion,  or  drive,  level.  Instead,  it  was  often  found  that,  at  of  the  observed  situations  except  for  the  “high  drive  cure.” 

drive  levels  too  low  to  normally  produce  non-linear  elastic  Mechanisms  for  this  latter  case  which  are  consistent  with 

phenomena,  the  “motional”  resistance  and  series  resonance  the  model  are  suggested, 

frequency  were  a  function  of  the  drive  level. 

The  application  problems  caused  by  starting  resis-  Historical  Backeround 

tance  are  well  known  to  oscillator  engineers.  It  is  these 
engineers  who  probably  coined  the  very  descriptive 

expression  “starting  resistance”  in  the  early  days  of  elec-  problems  caused  by  crystal  starting  resistance 

tronic  circuit  development.  Typically,  they  found  that  an  were  a  common  experience  to  early  radio  users.  Bottom 

oscillator  which  had  more  than  adequate  gain  to  operate  reports  that  the  pressure-mount,  unsealed,  crystals  manu- 

with  the  expected  crystal  resistance  did  not  start  or  “turn  factured  before  and  during  WW  II  were  often  found  to  be 

on.”  The  problem  occurred  both  after  repeated  use  of  a  “dead”,  particularly  after  a  storage  period'.  It  was  appar- 

crystal  and  with  a  new  crystal  which  exhibited  low  enough  ently  routine  practice  at  that  time  to  periodically  open  the 

resistance  at  operating  drive  levels.  Investigation  of  the  crystal  and  clean  the  quartz  wafer  with  soap  and  water  or  a 
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solvent.  It  was  also  sometimes  found  that  the  problem 
could  be  cured,  at  least  temporarily,  by  driving  the  crystals 
at  very  high  levels.  In  19S4,  Gerber  published  results 
which  showed  that  the  problem  existed  in  plated  as  well  as 
pressure-mount  crystals  In  his  paper,  Gerber  described  a 
process  in  which  drive  sensitive  crystals  were  reworked  by 
removing  their  metal  electrodes,  cleaning  them,  and  then 
etching  them  using  ion  bombardment  just  prior  to  repladng 
them.  The  reworked  crystals  were  found  to  behave  linearly 
and  the  theory  was  then  proposed  that  the  drive  sensitivity 
was  caused  by  poor  adhesion  of  the  electrodes  to  the  quartz 
surface. 


the  particle)  and  the  resultant  drive  sensitivity  was  mmi- 
maL 

The  conclusion  which  can  be  reached  from  these 
various  experiments  is  that  the  low-level,  non-lmear  char¬ 
acteristics  of  crystal  resonators  are  caused  by  trapped  par¬ 
ticles  on  the  surface  of  the  quartz  and/or  (pieces  of) 
elecuodes  which  are  free  to  move  when  the  crystal  is 
excited. 


Experimental  Results 


In  a  landmark  1%7  paper,  Bernstein  described 
experiments  with  crystals  which  had  been  coated  with 
small  irregular  particles  held  in  place  by  a  film  of  oil  or 
other  sticky  material^.  These  crystals  were  found  to  be 
very  drive  sensitive.  When  the  oil  film  was  removed  with 
an  appropriate  solvent,  the  drive  sensitivity  disappeared. 
Also,  when  clean  crystals  were  covered  with  particles,  no 
significant  drive  sensitivity  was  found.  The  control  of  oil 
films  was  an  industry  wide  problem  at  that  time  due  to  back 
streaming  problems  caused  by  the  oil  diffusion  vacuum 
pumps  which  were  commonly  used.  Bernstein  also  stated 
that  “an  etch  of  the  finished  lapped  surface  is  mandatory  to 
prevent  the  low  power  increased  resistance  effect”  and  pre¬ 
sented  data  comparing  crystals  prepared  with  and  without 
etching. 


An  examination  of  experimental  data  for  a  variety 
of  drive  sensitive  crystals  reveals  two  very  distincuve 
behavior  patterns.  One  type  of  behavior  is  an  essentially 
monotonic  increase  in  motional  resistance,  to  a  maximum 
plateau  level,  with  decreasing  drive  level.  The  other  type 
of  behavior  is  that  of  a  sharp  resistance  peak  at  a  specific 
drive  level.  Data  for  this  second  type  of  crystal  is  shown  m 
the  papo-  by  Nonaka,  et  al'*.  The  resistance  peak  of  the  sec¬ 
ond  type  of  crystal  is  also  often  found  to  exhibit  a  hysteresis 
effect,  i.e.  the  level  of  drive  at  which  the  peak  occurs  vanes 
depending  on  whether  the  measurment  starts  at  a  low 
power  level  or  at  a  high  power  level.  No  particular  corre¬ 
lation  between  the  drive  sensitivity  pattern  and  the  sus¬ 
pected  cause  of  the  non-linear  performance  has  been 
established  to  date. 


In  1971,  Nonaka,  Yuuki,  and  Hara  were  able  to 
correlate  drive  sensitivity  with  a  deep  scratch  in  the  active 
area  of  the  (metal)  electrode  on  a  crystaI^  They  also 
showed  results  data  for  a  drive  sensitive  crystal  which  had 
a  single  gold  particle  stuck  to  the  surface  of  the  electrode. 
After  driving  the  particle  off  at  a  high  power  level,  the  crys¬ 
tal  was  retested  and  no  drive  sensitivity  was  found. 

In  1974,  Knowles  presented  a  series  of  optical  and 
SEM  photographs  showing  the  presence  of  loose  quartz 
particles  imbedded  in  the  surface  of  crystal  wafers  which 
had  not  been  deeply  etched^.  He  proposed  that  these  parti¬ 
cles  could  break  loose  over  time,  thereby  causing  a  drive 
sensitive  condition  to  randomly  occur  after  the  crystal  was 
fabricated. 

Bottom  disclosed  the  results  of  his  work  using 
extremely  small  (micron  and  sub-micron)  particles  in  his 
1983  paper^  He  showed  that  he  could  create  drive  sensi¬ 
tivity  in  an  unsealed  crystal  by  blowing  talc  from  a  distance 
of  several  feet  Bottom  proposed  that  these  very  small  par¬ 
ticles  were  held  in  place  on  the  crystal  surface  by  “dipole- 
dipole”  attractive  forces  which  may  be  equal  to  many  times 
the  weight  of  the  panicles.  In  the  case  of  larger  particles, 
the  attractive  forces  were  much  smaller  (than  the  weight  of 


We  have  found  examples  of  the  first  type  of 
behavior  in  crystals  which  were  fabricated  using  quartz 
blanks  which  received  a  very  limited  amount  of  etching 
after  final  lapping.  Resistance  and  frequency  data  for  a  typ¬ 
ical  unit  is  shown  in  Figure  1 .  These  particular  crystals 
were  third  overtone  resonators  operating  in  the  45  to  60 
MHz  range.  They  were  fabricated  using  unpolished  round 
blanks  and  were  packaged  in  HC-18  holders.  Other  units 
of  the  same  design  which  were  prepared  using  a  longer  etch 
time  did  not  exhibit  the  same  non-linear  behavior. 


Figure  1.  Resistance  and  Frequency  vs  Drive  Level 
of  a  Poorly  Etched  Crystal 
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Empirical  Model 
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Figure  2.  Resistance  vs  Drive  Level  of  a  Crystal  with 
(Suspected)  Loosely  Attached  Particles 


In  this  section  we  will  demonstrate  that  the  two 
types  of  starting  resistance  variation  (Figures  1  and  2)  and 
the  starting  frequency  variation  (Figures  1  and  3)  can  be 
predicted  by  a  single  physical  model  which  in  tom  can  be 
plausibly  related  to  the  experimentally  observed  causes  of 
these  phonema. 

Consider  a  quartz  crystal  resonator,  crudely,  as  a 
single  mass  Mj,  spring  K|,  and  an  internal  loss  mechanism 
R].  The  resonator  is  driven  by  a  force  F(t).  This  system 
(Figure  4)  is  described  by  the  equation 

2 

d  u,  du. 


An  example  of  the  second  type  of  behavior  is 
shown  in  Figures  2  and  3.  The  crystal  in  this  case  is  also  a 
3rd  overtone  resonator  in  an  HC-18  package.  The  exact 
cause  of  the  non-linear  performance  has  not  been  identi¬ 
fied.  This  crystal  exhibits  reasonably  linear  behavior 
except  for  a  very  narrow  drive  level  region  in  the  vicinity 
of  -20  dbm.  It  is  interesting  to  note  that  the  non-linear 
behavior  only  occurs  when  the  crystal  drive  is  increasing. 


where  U)  is  the  displacement  of  the  mass  from  its  equilib¬ 
rium  position. 

Equation  [1]  can  equivalently  be  written  m  terms 
of  the  mass  velocity,  v  =  duj/dt 

FU)  =  M^j^+R^v  +  K^jvdt  [2] 


Figure  3.  Frequency  Shtft  vs  Drive  Level  of  a  Crystal 
wit,.  (Suspected)  Loosely  Attached  Particles 


Figure  4.  Simple  Spring 
-Mass  Mechanical  Resonator 


Another  aspect  of  the  non-linear  performance  is 
shown  in  figures  1  and  3.  Here  it  is  seen  that  the  resonance 
frequency  (series  resonance  in  this  case)  also  changes  with 
drive  level.  It  is  this  effect  that  has  led  some  workers  in  the 
field  to  generalize  the  term  “starting  resistance”  to  the  more 
encompassing  “drive  level  dependency.” 


Equation  [2]  also  describes  a  series  R-L-C  circuit, 
with  L  =  Mj, C  =  l/K],  R  =  R^, and  cunent  v.  Note  that  L 
and  C  are  not  the  equivalent  motional  parameters  of  the  res¬ 
onator,  but  merely  parameters  that  parrot  the  simple 
mechanical  model. 
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[4] 


Now,  consider  the  situation  where  a  small  mass 
M2  is  somehow  caught  in  a  crevice  in  M2  (Figure  S).  As 
M|  moves,  M2  will  somehow  be  “dragged"  along.  In  other 
words,  there  will  be  both  a  restoring  force  K2(u2  -  U2)  and 
a  frictional  force  R(v2  -  vj).  Figure  5  also  shows  a  second 
case  which  would  be  described  by  similar  relations  -  a 
small  mass  M2  pivoting  at  the  end  of  an  elastic  arm.  This 
situation  crudely  describes  a  ragged  electrode  edge  caused 
by,  say,  a  scratch. 


d^U2  diuj-u.) 

0  =  A#2 — j-  +K2(u2-u.)  +R - - - 


These  equations  also  describe  the  electrical  circuit 
of  Figure  6. 


Figure  6.  Equivalent  Circuit  of  2  Resonator  System 


Since  an  actual  crevice  has  a  finite  width,  the  par¬ 
ticle  may  be  expected  to  experience  inelastic  (and  probably 
deforming)  collisions  with  the  crevice  walls  at  high  drive 
levels.  This  may  be  modeled  by  having  the  resistance  R  be 
a  function  '  ^|U2  -  Uj|  which  rises  suddenly  and  sharply  at 
some  threshold  level.  In  a  real  device  there  are  niun;  par¬ 
ticles,  and  also  many  crevices,  all  having  different  parame¬ 
ters.  The  aggregate  function  R  may  therefore  be  thought  of 
as  being  a  monotonically  increasing  function  of  |U2  ~  - 

A  suitable  function  for  R  would  be  of  the  form 


R  =  Rq 


[5] 


Figure  5.  Coupled  (2)  Resonator  Systems: 

a.  Particle  in  Crevice  on  Surface 
b.  Loosely  Attached  Particle  on  Surface 


where  Ro  is  the  low  (drive)  level  frictional  resistance,  2g  is 
the  width  of  *e  crevice  and  n  is  an  even  integer. 

Equations  [4]  and  [5]  then  become 


The  total  situation  is  described  by  the  set  of  equa¬ 


tions 


2 

d  u,  du. 

F{l)  =  +  A(2“i ““2) 


d^u. 


du 


■^oLi+(— J — jf- 


[6] 


F(t)  =M,—  ^R,-^^K,U 


dt 


d(u^-U2) 


dt 


[31 
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0  =  A/j — —  +  K2(.U2-u^) 
dt^ 


+  Rr 


1+  (■ 


/r 


dt 


model,  R  begins  ai  Rq.  This  means  that,  depending  upon 
the  value  of  Rq,  the  observed  resistance  vs.  drive  level 
could  either: 


[7] 


Equations  [6]  and  [7]  are  highly  non-linear,  and 
difficult  (if  at  all  possible)  to  solve.  However,  considerable 
insight  to  the  (non-linear)  steady  state  behavior  may  be  had 
by  noting  that  we  would  expect  R  to  essentially  be  Rg  at 
“low  enough”  drive  level,  and  to  increase  (on  a  lime  aver¬ 
age)  with  increasing  drive  level. 


The  input  impedance  of  the  circuit  of  Figure  6  is 
determined  by  the  series  Rj  -  Lj  -  Cj  (original  linear  reso¬ 
nator)  parameters  and  the  parameters  of  the  non-linear 
(panicle  +  coupling)  impedance.  By  inspection,  this  latter 
impedance  is  given  by: 


Z  = 


jdiL^  +  R- 


(OC-y 


[8] 


Separating  the  real  and  imaginary  parts. 


Re(z)  = 


and 


((oRC2)^  + 


[9] 


Im{z)  = 


R^C2(ii 


((oRCj)^-*- 


where 


_  1 


[10] 


is  the  L2C2  resonance  frequency. 


Figure  7.  R„  vs  Log(R) 


Start  low,  increase,  and  then  decrease  (R^  small), 
or, 

Stan  high  and  then  increase  (Rq  near  the  peak  of 
Figure  7),  or 

Stan  low  and  stay  low  (Ro  high). 

Interestingly  enough,  a  high  R^,  which  we  would 
intuitively  assume  to  be  due  to  a  very  lossy  system,  would 
produce  a  device  with  no  observable  starting  resistance. 

It  would  appear  that  all  3  cases  above,  which  cor¬ 
respond  to  the  observed  cases,  are  derivable  from  the  same 
physical  system  -  with  only  1  adjustable  parameter  needed. 

Continuing,  Figure  8  shows  as  a  function  of  R. 
Note  that  Xp  is  positive  (net  inductive  reactance)  and 
decreases  with  increasing  R  -  over  the  same  range  of  R 
where  R„  is  varying.  Since  X„  appears  in  series  with  the  L] 
-  Cj  arm  of  the  circuit,  the  observed  resonance  frequency 
will  increase  with  increasing  R. 

While  the  above  observations  represent,  in  some 
sense,  expected  circuit  observations,  they  are  based  upon 
the  assumption  that  R  will,  again  in  some  sense,  increase 
with  increasing  drive  level.  In  order  to  justify  this  assump¬ 
tion  we  must  solve,  or  at  least  approximately  solve,  the  set 
of  non-linear  equations  in  the  sinusoidal  steady  state.  The 


Consider  an  example:  Set  o)  =  1 ,  L2  =  .5,  C2  = 
1 .  Note  that,  in  this  case,  (o  <  to^-  Figure  7  shows  R„  as  a 
function  of  R.  In  this  figure  R  begins  at  0.  In  the  actual 
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details  of  this  solution  are  given  in  the  appendix. 


01 


Figure  9.  Ri,^  vs  Log(Drive  Level) 


Figure  9  shows  the  results  of  the  solution  as 
derived  in  the  appendix,  for  the  parameters  shown.  Since 
R]  simply  adds  to  the  input  resistance,  it  is  not  shown  •  this 
is  why  can  approach  0  in  the  figures.  As  may  be  seen, 
for  the  lower  values  of  Rq  we  see  one  “signature”  of  start¬ 
ing  resistance  (resistance  starting  low,  peaking,  and  then 
dropping),  while  for  the  higher  values  of  Rq  we  see  the 
other  signature  (resistance  starting  high  and  then  drop¬ 
ping).  Also,  note  that  as  Rq  gets  large,  the  starting  resis¬ 
tance  falls.  When  Rq  -  .1,  (not  shown  in  Figure  9), 
essentially  no  variation  of  Ri„  with  drive  level  occurs. 
Apparently  when  there  is  enough  loss  in  the  M2  system, 
very  little  (relative)  motion  occurs  and  there  are  no 
observed  variations  with  drive  level. 


Figure  10  shows  the  fiequency  change  (arbitrary 
units)  for  the  same  parameters  as  (one  of  the  cases  of)  Fig¬ 
ure  9,  and  also  for  the  same  case  with  changed  from  1 
to  9.  This  simulates  looking  at  the  same  quartz  resonator  at 
its  fundamental  and  3rd  harmonic  overtone  responses. 
Note  that  the  frequency  changes  are  in  different  directions. 


Figure  10.  dFlF  vs  LogiDrive  Level) 

Figure  1 1  shows  the  input  resistance  for  the  same 
choice  of  parameters  as  in  figure  10.  Note  that  a  much 
higher  starting  resistance  peak  at  the  3rd  harmonic  over¬ 
tone  than  at  the  fundamental  frequency,  at  approximately 
the  same  drive  level,  is  predicted. 
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Summary  and  Discussion 


The  simple  model  described  above  predicts  all  of 
the  observed  resistance  and  frequency  variation  forms  seen 
in  actual  devices,  with  only  one  adjustable  parameter 
required.  While  this  is  in  no  way  a  proof  that  the  observed 
phenomena  are  indeed  explained  by  the  model,  the  results 
are  somewhat  compelling. 


Appendix:  Non-linear  Steady  State  Solution 

We  wish  to  solve  equations  [6]  and  [7]  for  the 
steady  state  response  to  a  sinusoidal  drive  signal.  An 
approximate  solution  may  be  had  by  employing  the 
weighted  residual  method.  That  is,  we  solve  the  equations 


Missing  from  the  model  are  the  results  of  high- 
drive.  However,  within  the  framework  of  the  model  and 
experimental  evidence  we  may  look  for  the  following  pos¬ 
sible  scenarios; 

In  some  cases,  loose  particles  on  the  surface  and/or 
poorly  attached  electrode  segments  are  blown  away.  If 
these  particles  are  not  contained  within  a  package,  the 
cure  should  be  permanent 


2k 

<0, 


0=  jw(t) 


d  yi  dy^ 


z,  >2->l  ", 

-l-/?0  {  1  +  ( — r — )  } 


8 


di 


dt 


[11] 


Poorly  attached  electrode  segments  are  welded  down 
to  the  adhering  electrode  by  the  high  localized  heat 
generated  by  high  driving  the  crystal.  The  cure  might 
be  permanent,  but  thermal  and/or  mechanical  distur¬ 
bances  could  free  the  segments. 

Loose  particles  in  surface  crevices  are  driven  into  the 
electrode  metal,  from  the  underside,  with  sufficient 
force  to  “stick.”  Again,  the  cure  might  be  permanent, 
but  thermal  and/or  mechanical  disturbances  could  free 
the  particles. 


2il 


0  =  J  WU) 


M 


d\ 


+  i^2iy2-y0 


+  /?o{l+  ( 


y2-y\ 

8 


)  } 


d{y2-y\) 

dt 


where 

(Dj  =  driving  frequency. 


[12] 
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F(0  =  Fq5w((0jI)  =  forcing  function, 

W(t)  =  weighting  function(s), 

yj  and  'ji  =  approximations  to  the  solutions  (Ui 

and  uo). 


The  Galerkin  form  of  the  weighted  residual  tech¬ 
nique  consists  of  using  the  trial  functions  themselves  as  the 
weighting  functions.  In  the  sinusoidal  steady  state,  this  is 
very  similar  to  the  “harmonic  balance”  technique. 

Since  we  know  that,  in  the  steady  state,  cunents 
will  flow  only  at  integer  multiples  of  cOj ,  we  let 


(  ^1 

0  =  (O.Af, - lA-R.B - 

p  ‘  0), 

-/?oP - -2 - 


[18] 


/?o(a^  +  ap^) 


0  =  u),Af,D-/?na-t- 

12  °  (0 


[19] 


-H  a^P) 

0  =  o),M2C-i--^+/?oP+-^ — -  [20] 


K^a 


y,  =  ^(A-cos  (m-t)  +  B-sin(,i(ii-l))  [13] 

i 


The  above  (4)  equations  are  a  non-linear  set  which 
may  be  solved  by  the  Newton-Raphson  iteration  technique: 
Write  the  equations  as 


>2  =  X  (itu-t)  +  D^sin  )  [14] 

‘  0  =  F(x)  [21] 


where  i  is  taken  from  1  (inspection  of  the  circuit  shows  that 
there  can  be  no  D.C.,  or  i  =  0,  current)  to  a  “reasonable” 
upper  limit. 

In  this  situation,  since  we  are  dealing  with  a  very 
high  Q  circuit  and  would  not  expect  significant  harmonic 
currents  to  flow,  we  take  the  “0th”  order  approximation  - 
that  is,  only  allow  i  =  1: 

y,  =  A-cos(i<>).t)  +BiSin(i(i}.t)  [15] 

yj  =  C-cos  (ia-t)  +D-5in{i(i)4)  [16] 

We  next  substitute  equations  [15]  and  [16]  into 
[13]  and  [14].  Letting  W  =  cos  (tOjr)  gives  us  2  equa¬ 
tions,  and  then  letting  W  =  jtn((0|()  gives  us  2  more 
equations,  in  A,  B,  C,  and  D.  Relying  on  our  single  fre¬ 
quency  approximation,  we  drop  all  terms  at  frequencies 
other  than  to, .  Without  showing  the  algebra,  thia  gives 

PQ  ( 

0  =  -~  +  R,A-,-  (O.M,  B-hFoO 

"l  ‘  I  ’  *  “J  ° 


l?o(a3-Hap2) 
-t- - = - 


(I), 


[17] 


where 

X  =  {A,B,C,D} 

Given  a  starting  value  for  x,  iterate  using 

where  y  is  found  by  solving  the  linear  equation  set 
}y  =  -F 

with 


y  = 


^1.1 

A,  3 

A,  4' 

^2. 1 

h,2 

A,  3 

A,  4 

■^3, 1 

A,  3 

A.  4 

/a  1 

A,  2 

A,  3 

A,  4. 

and 


4g‘ 


'‘■J  dx. 


[22] 


[23] 


[24] 


[25] 


[26] 
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TWO-DIMENSIONAL  EQUATIONS  FOR  GUIDED  EM  WAVES 
IN  DIELECTRIC  PLATES  SURROUNDED  BY  FREE  SPACE 

P.C.Y.  Lee  and  J.S.  Yang 

Department  of  Civil  Engineering  &  Operations  Research 
Princeton  University,  Princeton,  NJ  08544 


Abstract 

Two-dimensional  governing  equations  of  suc¬ 
cessively  higher-order  approximations  for  guided 
EM  waves  in  an  isotropic  dielectric  plate  surround¬ 
ed  by  free  space  are  deduced  from  the  three-dimen¬ 
sional  Maxwell’s  equations  by  expanding  the  EM 
vector  potential  in  a  series  of  trigonometric  func¬ 
tions  of  thickness  coordinate  and  in  exponentially 
decaying  functions  of  thickness  coordinate  in  the 
upper  and  lower  halves  of  free  space.  A  single  sys¬ 
tem  of  governing  equations  is  obtained  by  further 
satisfying  the  continuity  conditions  of  the  EM  field 
at  the  interfaces  between  the  plate  and  free  space. 

Solutions  and  dispersion  relations  are  obtain¬ 
ed  from  the  two-dimensional  approximate  equa¬ 
tions.  Dispersion  curves  are  computed  and  com¬ 
pared  with  the  corresponding  ones  obtained  from 
the  solutions  of  the  three-dimensional  Maxwell’s 
equations  for  the  TE  and  TM  modes  of  various 
orders  and  for  different  values  of  the  refractive 
index  n  =  (^)2.  It  is  shown  that  the  agree¬ 
ment  between  the  approximate  and  exact  disper¬ 
sion  curves  is  very  close. 

I.  Introduction 

Solutions  of  straight-crested  waves  propagat¬ 
ing  in  an  isotropic  dielectric  plate  of  infinite  ex¬ 
tent  and  surrounded  by  free  space  is  one  of  the 
very  few  simple  closed  form  solutions  of  the  three- 
dimensional  Maxwell’s  equations. However,  ex¬ 
act  closed  form  solutions  of  the  free  vibrations 
in  finite  dielectric  plate  resonators,  rectangular  or 
circular,  have  not  yet  been  found  in  published  ar¬ 
ticles. 

One  of  the  effective  methods  to  facilitate  a 
systematic  study  of  the  vibrations  in  plate  res¬ 
onators  is,  first,  to  derive  a  system  of  two-dimen¬ 
sional  approximate,  governing  equations  and,  then, 
to  solve  these  equations  for  closed  form,  analytical 


or  numerical  solutions.  This  kind  of  approach  has 
been  employed  in  deriving  the  equations  of  motion 
for  elastic  plates  from  the  three-dimensional  equa¬ 
tion  of  elasticity  for  a  long  time  and  by  many  inves¬ 
tigators,  for  instance,  the  classical  Poisson’s  equa¬ 
tions  for  extensional  vibrations  of  elastic  plates,^ 
Cauchy’s  equations  of  flexural  vibrations  of  crys¬ 
tal  plates,^  Mindlin’s  two-dimensional  equations 
of  motion  of  elastic®  and  crystal  plates,®  and  Lee’s 
two-dimensional  equations  of  motion  of  successive¬ 
ly  higher-order  approximations  for  piezoelectric 
crystal  plates.^ 

In  the  present  paper,  two-dimensional  govern¬ 
ing  equations  of  successively  higher-order  approx¬ 
imations  for  guided  EM  waves  in  an  isotropic  di¬ 
electric  plate  surrounded  by  free  space  are  deduced 
from  the  three-dimensional  Maxwell’s  equation’s 
by  expanding  the  EM  vector  potential  in  a  series 
of  trigonometric  functions  of  thickness  coordinate 
in  the  plate  (similar  to  the  functions  employed  in 
Ref.  7)  and  in  exponentially  decaying  functions  of 
the  thickness  coordinate  in  the  upper  and  lower 
halves  of  free  space.  These  three  sets  of  equations 
for  the  plate,  the  upper  and  lower  half  free  spaces 
are,  then,  combined  into  a  single  system  of  equa¬ 
tions  by  satisfying  the  continuity  conditions  of  the 
EM  field  at  the  interfaces  of  the  plate  and  free 
space. 

To  examine  the  accuracy  of  presently  derived 
two-dimensional  equations,  solutions  and  disper¬ 
sion  relations  are  obtained  from  them.  Dispersion 
curves  are,  then,  computed  and  compared  with  the 
corresponding  ones  obtained  from  the  solutions  of 
the  three-dimensional  Maxwell’s  equations  for  the 
TE  and  TM  modes  of  various  orders  and  for  dif- 

I 

ferent  values  of  the  refractive  index  fi  =  (  —  )^.  It 
is  shown  that  the  agreement  between  the  approx¬ 
imate  and  exact  dispersion  curves  is  very  close. 

II  3-D  Equations  and  Boundrv  Conditions 
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\W  consider  a  linear  and  isotropic  dielectric 
plate  of  Infinite  extent  referred  to  a  rectangular 
coordinate  system  x,  with  the  faces  at  xo  =  ±6 
and  with  xi  and  X3  the  coordinates  of  the  mid¬ 
dle  plane  of  the  plate  (see  Fig.  1).  The  plate  is 
surrounded  by  free  space. 

The  governing  ecjuations  of  the  EM  field  in 
the  plate  comprise  McLXwell’s  eciuations 


where  a  =  1,3. 

By  substituting  (4)  into  (5),  it  may  be  seen 
that  conditions  (5)  may  be  replaced  by  the  con- 
tinutity  conditions  on  the  tangential  components 
of  A,,  i.e. 

Aa(x2  =  ±6)  =  Aa{x2  =  ±b)  .  a  =  1,3.  (7) 


t]k  Ekj  —  -B,  t  , 

fl.  ,,  =  0  , 

(1) 

>]k  fh.j  -  E>,  ,  , 

A,.  =  0, 

(2) 

and  the  constitutive  equations 

Ih  ='£’.,  =  fio  //..  (3) 

In  these  equations,  E\  and  //,  are  the  electric  and 
magnetic  field  intensities,  /),  and  B,  are  the  elec¬ 
tric  and  magnetic  flux  densities,  (  is  the  dielectric 
permittivity,  /ig  is  the  magnetic  permeability  of 
free  space,  and  (jjjt  is  the  unit  alternating  tensor. 
VVe  have  assumed  that  there  are  no  free  charges 
and  no  current  and  that  the  dielectric  is  nonmag¬ 
netic. 

Since  the  region  of  the  plate  is  source  free 
and  the  field  is  time-varying,  a  vector  potential 
function  Ai  may  be  introduced  from  which  Ei  and 
Bi  can  he  obtained  by* 


III.  Two-Dimensional  Etmations 

In  the  region  of  the  plate,  i.e.  for  |j2|  < 
6,  components  of  the  vector  potential  ,4^  are  ex¬ 
panded  in  an  infinite  series  with  their  thicknes.s- 
dependence  expressed  by  the  trigonometrical  func¬ 
tions; 

00 

Ta  =  51  (xi,  J3,0eost^(l  -  v),  a  -  1,3 

n  =  0 

00 

^2=  n  -  (/■),  (8) 

n=:0 

where  ?/)  =  ^,  /ij”*  are  called  the  two-dimensional 
nth-order  vector  potential,  for  they  are  functions 
of  f  1  ,X3,  and  t  only. 

By  substituting  (8)  into  (4),  we  have 

00  . 

Ea  =  £’1"  COst^(l  -  xli), 

n  =  o 


Ei  —  (  ,  Bi  —  ^ijk  (d) 

Substitution  of  (4)  into  (1)  shows  that  (1)  are 
identically  satisfied.  Therefore,  in  terras  of  ^4,-,  (2), 
(3),  and  (4)  become  the  governing  equations  of  the 

field  in  the  dielectric  plate. 

We  designate  and  B,  as  the  field 

vectors  in  the  free  space.  The  governing  equations 
of  EM  field  in  free  space  are  the  same  as  (2)-(4) 
except  (  is  replaced  by  the  permittivity  of  free 
space. 

The  continuity  conditions  to  be  satisfied  at 
X2  =  ±6,  the  interfaces  between  the  plate  and  free 
space,  are 


Ea  (X2  =  ±6)  =  Ea  (X2  =  ±b), 


82  {x2  =  ±b)  =  B2  (x2  =  ±b),  (5) 

Ha  {X2  =  ±b)  =  Ua  (X2  =  ±b), 

D2  (X2  =  ±6)  =  D2  (X2  =  ±6)  (6) 


E2  =  Yl  E^'^'sin^^nil  -  r/-), 

n=:o 

CO  . 

^  Ba^sin^^n{\  -  V'), 


00 

^2  =  E  ^2”  cost^fl  -  (9) 

n  =  o 

where 

B3"’ 

Eqs.  (10)  are  the  two-dimensional  nth-order  field- 
potential  relations.  We  note  that  a  correction  fac¬ 
tor  k  has  been  introduced  in  the  expression  for 


=^7ryi''‘+>'  -  2i';y, 
^'(<3’  - 


(10) 
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(10)3,  to  permit  some  minor  adjustment  of 
frequency  branches  as  it  will  be  explained  in  Sec¬ 
tion  IV. 

By  multiplying  (2)i  (for  i  =  1,3)  and  (2)2  by 
cos^(l  —  tp)  and  (2)i  (for  i  =  2)  by  sintt^ir(l  — 
ip),  integrating  the  resulting  expressions  with  re¬ 
spect  to  \p  from  —1  to  -1-1,  and  using  the  identities: 

sin^2|l.(l  -  rp)sin^{l  —  tp)dip 

—  ^mn  ^mo^noi 


Di">  = -r(l -1- 

(15) 


cos^{\  —  V’)cos^(l  —  \p)d%p  We  see  that  for  the  plate  (|x2|  <  b)  the  three- 

dimensional  governing  equations  (2),  (3),  and  (4) 
—  bmn  "b  (11)  are  now  replaced  by  an  infinite  set  of  two-dimen¬ 

sional  equations  (12),  (15),  and  (10),  respectively, 
we  have  the  two-dimensional  field  equations  Further  substitution  of  (15)  in  (12)  leads  to 


+  ini"’  = 

the  two-dimensional  nth-order  wave  equations  for 

(1  -h  «„o)fc(A("2,  -  a[%)  + 

Aa  +  -  ini"’  = 

=  f/'oCl  +  br.o)A\% 

=  0, 

(12) 

^2"io  -  =  c/ioA^j"’ , 

where  Smn  is  the  Kronecker  delta,  the  components 
of  the  nth-order  magnetic  field  intensities  and  elec¬ 
tric  flux  densities  are  defined  by 

=  Ih  H^sin^^nil  -  tP)drP, 

=  fl,H:,cosrf{l-i>)dtP, 

=  jl^DaCos^{\-rP)djP, 

=  /-I  D2sin^i,{\  -  ^)dxP,  (13) 

and  the  components  of  the  nth-order  face  magnetic 
field  intensities  and  face  electric  charge  density  are 
defined  by 

Hi"’  =  /fa(*)  -(-!)" //a(-6), 

I>i"’  =  D2(6)-(-l)"D2(-6).  (14) 

By  inserting  (9)  in  (3)  and,  in  turn,  into  (13), 
we  obtain  the  two-dimensional  constitutive  rela¬ 
tions  of  nth-order  in  terms  of  the  vector  potential 


(1  -H  -  Ai%)  + 

+  ^no)4"l 

(1  +  =  0,  (16) 

for  n  =  0,1,2 .  We  note  in  (16)  that  Tfi"’  and 

which  are  defined  in  (14),  may  be  regarded 
as  the  “forcing  functions”  specified  at  the  faces  of 
the  plate. 

To  derive  the  two-dimensional  governing 
equations  for  the  evanescent  field  in  the  upper  half 
of  free  space  (x2  >  b),  we  assume 

=  yl,+(xi,X3,<)e-W-i),  (17) 

where  rj{>  0)  determines  the  rate  of  decaying  of 
Ai  in  the  X2  direction.  We  note  that  17  is  not  a 
constant,  but  depends  on  the  wave  number  and 
frequency  of  the  wave  represented  by  (17).  For 
instance,  by  letting 

At  =  (18) 
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for  an  evanscent  plane  wave  propogating  in  the  Xj 
direction,  and  substituting  (17)  and  (18)  into  (4), 
(3),  and  (2),  we  see  that  Maxwell’s  equations  Me 
satisfied  provided 


where  is  the  velocity  of  the  light  in 

free  space. 

Now,  substitution  of  (17)  into  (4)  gives 
Ei  = 

Bi  =  (20) 

where 

£+  =  -<„  Bt=~r}At-Al3 

Bt^Al^~Al„  Bt=  vAt  +  Al,.  (21) 

The  above  are  the  two-dimensional  field-potential 

relations  in  the  upper  half  of  free  space. 

By  multiplying  (2)  by  and  integrat¬ 

ing  with  respect  to  rp  from  1  to  oo,  we  obtain  the 
two-dimensional  field  equations 

Dl.+rjDt  -lD2ib)  =  0,  (22) 

where  the  components  of  the  two-dimensional 
magnetic  field  intensity  and  electric  flux  den¬ 
sity  are  defined  by 

fit  = 

(23) 

Two-dimensional  constitutive  equations  in 
terms  of  Af  are  obtained  by  inserting  (20)  and 
(21)  into  (3),  in  which  e  is  replaced  by  and  the 
result  into  (23): 


f^t  =  2l^Mo  “  "’^3,1)1 

ff^  =  2bnt,«  +^2,1)  (24) 

Finally,  substitution  of  (24)  in  (22)  gives  the 
two-dimensional  wave  equations  of  A*  in  the  up¬ 
per  half  of  free  space 

Kaa  -  -  t At  +  2wJi3(b) 

—  ^of^oAtttt 

^2,00  d"  V-^a,a  ~  ^ot^oAt t(, 

^t,aa  ~  -^0,03  ~  ^-^2,3  ~  l(6) 

=  CofinAt  ff, 

+  ^■^2,t  +  7^^2(fc)  =  0.  (25) 

In  the  same  manner,  two-dimensional  equa¬ 

tions  for  the  evanescent  field  in  the  lower  half  of 
free  space  (x2  <  -b)  are  obtained  by  assuming 

^•=:^-(xl,X3,<)e’’‘^'^+^^  (26) 

except  that  the  integration  with  respect  to  ^  is 

from  -00  to  -1.  These  two-dimensional  equations 
are  summarized  as  follows: 

Ei  =  £:-eW'^+i)_ 

~Bi  =  (27) 

Field-potential  relations: 


1  •« 

1 

II 

1  .„ 

—  *7-^3  “  "^2,3 

■®2  —  -^1,3  ~  -^3,1  > 

S3  =  —rjA^  -H 

(28) 

Field  equations: 


“^2.3  ■" +  jffsi—b)  — 
if  1,3  ~  ffs,!  =  f^2,t’ 


Dt  = 


Hli+vnr  = 

ffa,a  ~  ^f^2  d"  iff2(~b)  =  0,  (29) 
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where 


(35) 


H-  =  f_l 

D-  =  j:Ld, dip. 


_1_ 

ffb 


m  =  o 


^mn  ^ 


(m) 
a, a  1 


1^ 

where  h  =  (^)2  is  the  refractive  index  with  re- 

(30) 

sped  to  the  vacuum,  zuid 


Constitutive  equations: 


~  26^('/^3  ~  ^2,3)1 
^2  ~  26^/i„("^l,3  — -^3,l)> 

^3  =  2j^(~^^r  +^2,l)-  (31) 

Wave  equations  of  A~  : 

^r.aa  -  K,al  + 

2y//ioi/3(  6)  = 


{1,  m  +  n  —  even 
0,  m  +  n  =  odd. 


(36) 


By  further  substituting  the  rest  of  (16),  (25), 
and  (32)  to  (34)i ,  using  the  relations  (33)  and  (35), 
and  listing  the  resulting  equations  together  with 
(16)2,  we  have 


(1  +  6no)^(>l^"^3  -  >ii"33)  +  (^)"^4',"'  -  hM 


i(n) 


(n) 


j(n) 

a,al 


“^(1  +  <^no 


h^)A 


(n-1) 

2,1 


00 

+  p  Z)  ^mn(  — +  T)^ A[”'^)  +  ^(1  +  6no)A^”}f 


■^2,aa  ^■^a,a  — 

•'^3,00  ~  ^a,a3  d"  V^1,3  ~  -^3 

■^2rjno'Hi{-b)  =  e„HoAlt^, 

■^a.at  ~  v^2,t  ~  ^^2i-b)  =  0.  (32) 

Substitutions  of  (8),  (17),  and  (26)  into  (7), 
the  continuity  conditions  of  the  tangential  compo¬ 
nents  of  vector  potential,  gives 

At=f:  Ai"'\  A-  =  f:  (_i)'">li'"),  (33) 

m=:o  m=o 

and  the  insertion  of  (16),  the  continuity  conditions 
on  Ha  and  Z?2,  into  (14)  yields 

nir^  =  Ha{b)-{-irHa{-b), 

=  D2{b)-i-irD2i-b).  (34) 

By  substituting  (16)4,  (25)4,  and  (32)4  into 
(34)2,  integrating  the  resulting  relation  with  re¬ 
spect  to  t,  and  setting  the  integration  constant  to 
zero  for  time-varying  field,  we  obtain 

^[/l+-(-l)M2]  =  ^n24"-'> 


+  IT  —  0, 

mso 

-  A^^la  +  7f -^2"  t  =  Ot 
(1  +  Sr,a)HAi%  -  Ai%)  +  (^)M(">  - 

-(^)(l  +  ^n<,-n^)47'^ 

00 

IT  ^"•n(— ,^3  00  -f  q^.43  ^)  +  ^(1 -h  6„o)/l3"^, 
m  =  o  ®  ’ 

d'f^  IT  =  0,  (37) 

m=o 

for  n  =  0,1,2,...  These  are  the  two-dimensional 
nth-order  equations  of  i4|"^  for  trapped  or  guided 
waves  in  the  isotropic  dielectric  plate  surrounded 
by  free  space.  In  (37),  the  interaction  of  the  field 
in  the  plate  with  the  evanescent  field  in  free  space 
has  been  taken  into  account  by  satisfying  the  con¬ 
tinuity  conditions  at  the  faces  of  the  plate. 

IV  Dispersion  Relations 

In  the  case  of  straight-crested  waves  propa¬ 
gating  in  the  Xi  direction,  i.e.  ^4-"^  =  y4."^(j;i,t), 
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^^37)  and  (10)  reduce  and  separate  into  two  inde¬ 
pendent  sets  of  equations; 
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—  ^(1  +  ^no)-^3,ll  +  E 


(") 


and 


among  the  modes  of  different  orders  are  usually 
very  weak.  In  the  remaining  portion  of  this  paper, 
these  couplings  we  omitted  by  letting 

^mn  —  ^mn-  (^1) 

TE  waves 
We  let 


(42) 

where  are  the  constant  amplitudes  of  the 

straight-crested  waves. 

Insertion  of  (41)  and  (42)  in  (38) i  gives  the 
dispersion  relations  of  the  nth-order  TE  waves 


ipf’*)  _  _  An  . 

^3  — 


(38) 


a.  1  V  _  n2  3(m)'> 

+  f6  ^  °mn(j^i,ii  q  ) 


r)h 


where 


aX2  _  /?Q2  ^  =  0, 


a  —  (1  Sno)k  -I- 


(43) 


13  =  {1  +  6„,)h^  + 


=  ^(1  +  ^no)A{^tt  +  E 


_4(n+l)  _  A’')  .  2l  4^"^  -  0 

TT/la.a  ^2,aa  ^ 


t(n) 


(")  _ 


2l> 


7  =  n2-f2^,  (44) 

and  the  dimensionless  wave  numbers  (X  and  V) 
and  frequency  (ft)  are  defined  by 


and 

^1  -  -  ^2  -  ^2,(  t 

q.  4").  (39) 

In  the  above,  we  see  that  ^43"^  is  not  coupled 
to  /li"^  and  and  is  related  to  field  compo¬ 
nents  and  only.  Therefore,  (38) 

are  the  equations  for  the  transverse  electric  (TE) 
plane  waves.  In  (39),  and  are  cou¬ 

pled  together  and  they  are  related  to  field  compo¬ 
nents  e\’^\  E2'\  and  B^\  Hence,  (39)  are  the 
equations  for  the  transverse  magnetic  (TM)  plane 
waves.  Also,  we  note  that  within  each  set  of  these 
equations  and  are  coupled  through  S^n, 
defined  by  (36),  when  both  m  and  n  are  even  and 
when  both  m  and  n  are  odd.  These  couplings 


^  =  T- ^  =  x>  “  = 

26  26  26 

By  rewriting  (19)  in  the  dimensionless  form 

F^  =  X2-ft^  (46) 

we  see  that  a,/?,  and  7  in  (44)  are  dependent  not 
only  on  the  order  n,  the  refractive  index  n,  and 
correction  factor  k,  but  also  on  X  and  ft. 

The  frequency  ft,  as  the  roots  of  (43),  may  be 
expressed  by  the  functional  relation 

Q  =  Q{X;n,h,k).  (47) 

The  ft  vs.  X  curves  of  (47)  are  the  dispersion 
curves.  They  are  of  the  symmetric  modes  for  n  = 
0,2,4...  and  of  the  anti-symmetric  modes  for  n  = 
1,3,5, ...  We  shall  regard  theses  curves  as  approxi¬ 
mate  ones  since  they  are  the  roots  of  the  algebraic 
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equations  (43)  which  are  the  approximations  of 
the  treinscendental  equations*'^  derived  from  the 
solutions  of  the  three-dimensional  Maxwell’s  equa¬ 
tions. 

For  the  need  of  comparison,  the  exact  disper¬ 
sion  curves  are  computed  from  the  transcendental 
equations’  of  TE  waves  for  the  first  four  branches 
(n  =  0,  1,2,  and  3)  and  are  shown  in  Figs.  2,  3, 
and  4  for  n  =  1.5,  5,  and  15,  respectively. 

We  note  that  the  factor  k  is  introduced  firstly 
in  the  expression  for  (^0)3  and  it  appears 

consequently  in  the  expression  for  a  in  (44)i.  Its 
introduction  is  to  allow  a  slight  correction  on  the 
slope  of  the  approximate  dispersion  curves  at  large 
values  of  X .  By  matching  the  value  Cl  calculated 
from  (43)  for  n  =  0,  X  =  4.0  with  the  exact  value 
calculated  from  the  transcendental  equation,  we 
obtain 


k  =  0.925 

for  h  =  1.5 

k  =  0.875 

for  n  =  5  —  15 

(48) 

With  the  use  of  these  values  of  k,  disper¬ 
sion  curves  are  calculated  from  (43)  and  plotted 
in  Figs.  5,  6,  and  7  for  n  =  1.5,  5,  and  15, 
respectively. 

By  comparing  the  “exact”  curves  in  Figs.  2, 
3,  and  4,  with  the  “approximate”  curves  in  Figs. 
5,  6,  and  7,  it  may  be  seen  that  the  agreement 
is  very  close  for  various  orders  of  modes  and  for 
various  values  of  refractive  index. 

TM  waves 

By  letting 

^(”  +  1)  _  -u<») 

4"^  =  (49) 

and  substituting  (41)  and  (49)  in  (39)i,2,  we  ob¬ 
tain  the  dispersion  relations  of  the  nth-order  TM 
waves 

(P'X'^  ~  p'Ci^  +  7')  (^^  - 

-)- (n -I- 1)2  (n”  -  1)X2  =  0,  (50) 


where  n  =  0,  1,  2, ...and 

y'  =  (n+iy+^.  (51) 

In  a  simileir  manner,  the  exact  dispersion 
curves  are  computed  from  the  transcendental 
equations  for  the  TM  waves’'^  and  presented  in 
Figs.  8,  9,  and  10  for  n  =  1.5,  5,  and  15,  respec¬ 
tively.  The  corresponding  approximate  dispersion 
curves  are  calculated  from  (50)  and  given  in  Figs. 
11,  12,  and  13.  We  note  that  no  correction  is  made 
for  these  curves  since  factor  k  does  not  appear  in 
(50). 

Comparison  of  the  exact  curves  in  Figs.  8- 
10  with  the  corresponding  approximate  ones  in 
Figs.  11-13  shows  that  the  agreement  is,  again, 
very  close. 

In  summary,  a  set  of  two-dimensional  equa¬ 
tions  is  derived  for  guided  EM  waves  in  a  dielectric 
plate  surrounded  by  free  space.  In  these  equations, 
the  interaction  of  the  vibrating  field  in  the  plate 
with  the  evanescent  field  in  free  space  is  taken  into 
account  by  satisfying  the  continuity  conditions  at 
the  faces  of  the  plate. 

Dispersion  relations  for  straight-crested  waves 
are  obtained  from  the  two-dimesnional  equations 
as  a  series  of  algerbraic  equations  instead  of  the 
transcentdental  equations  from  the  three-dimen¬ 
sional  Maxwell’s  equations. 

It  is  shown  that  the  agreement  is  very  close 
between  the  approximate  and  exact  dispersion 
curves  for  various  orders  of  waves  and  for  different 
values  of  refractive  index. 
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Fig.  1  A  dielectric  plate  surrounded  by  free  space. 


163 


Frequency  fl 


V  =  1/n 


wave  Number  X 


Fig.  2  Dispersion  curves  for  guided  TE  waves  in  a 
dielectric  plate  surrounded  by  free  space  for 
refractive  index  n  =  1.5,  according  to  the  3-D 
equations. 


V  =  l/n 


Wave  Number  X 


Fig.  5  n  vs.  A'  curves  for  TE  waves  and 
according  to  the  2-D  equations. 
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Fig.  3  vs.  X  curves  for  TE  waves  and  h  =  5,  Fig.  6  Q  vs.  X  curves  for  TE  waves  and  h 
according  to  the  3-D  equations.  according  to  the  2-D  equations. 
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Fig.  4  n  vs.  X  cu'ves  for  TE  waves  and  h  =  15, 
according  to  the  3-D  equations. 
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Fig.  7  n  vs.  X  curves  for  TE  waves  and  n 
according  to  the  2-D  equations. 
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Abstract. 

Systematic  investigations  concerning  the  design  of  V.H.F. 
berlinite  and  quartz  resonators  were  made  in  order  to  find  the 
best  designs  for  the  elements  of  filten  for  the  intermediate 
frequency  of  the  future  pan-european  numerical 
radiotelephone  of  the  G.S.M.  system. 

Depending  on  how  the  selectivity  is  distributed  along  the 
receiving  chain,  the  I.F.  filtering  function  can  be  realized,  in 
G.S.M.  sets  .when  no  or  little  complementary  filtering  is  used, 
by  either  2  cascaded  low  losses  surface  wave  filters  or  a  4  poles 
linearized  phase  bulk  wave  filter.  When  a  large  amount  of 
complementary  filtering  is  used,  either  in  base  band  or  in  a 
second  I.F.,  the  function  can  be  realized  by  one  surface  wave 
filter  or  by  one  2  pole  bulk  wave  filter.  For  bulk  wave  filters, 
the  need  of  a  linearized  phase  response  and  the  high  centre 
frequency  (45  to  about  200MHz)  prescribe  to  build  them  with 
elements  having  a  very  reduced  sensitivity  to  the  dispersions 
induced  by  the  elaboration  process. 

To  minimize  the  sensibility  of  the  response  (thermal 
behaviour)  to  dispersions  of  the  plate  orientation,  the  thermal 
variations  of  the  resonance  frequency  for  plates  having 
orientations  in  the  vicinity  of  the  AT  cut  were  studied. 

A  systematic  investigation  of  the  influence  of  the 
parameters  (  electrode  shape  and  surface,  mass  loading,  etc...) 
of  the  plane  fundamental  resonators  using  the  AT  cut  of 
berlinite  and  quartz  on  the  elements  of  the  equivalent  scheme 
and  on  the  anharmonic  spectrum  was  made.  This  was  done 
using  a  numerical  model  based  upon  the  theory  of  the 
essentially  thickness  modes  |2|.  Several  family  of  designs  were 
found  to  lead  to  nearly  satisfactory  sensitivities  and  values  of 
the  equivalent  scheme,  but  when  a  constraint  was  put  on  the 
impedance  level  (inductance)  and  on  the  sensitivities  to  the 
variations  of  .several  parameters  that  are  difficult  or  co.stly  to 
totally  control  in  an  indusf.al  process,  one  family  of  design, 
using  elliptical  electrodes  having  an  axis  ratio  respecting  the 
lateral  anisotropy  ,  was  found  to  be  much  better. 

Introduction 

Berlinite  (A1P04)  is  a  crystallographic  analogous  of  alpha 
quartz  which  has  a  similarly  favourable  third  order  temperature 
behaviour  for  the  AT  cut  together  with  a  larger  coupling 
coefficient.  This  material  permits  to  obtain  filters  with 
bandwidths  nearly  two  times  laiger  than  with  quartz.  Berlinite 
crystals  with  a  high  purity  and  a  high  Q  factor  are  now 
available  |1|.  This  material  is  well  adapted  to  build  the  I.F. 
filters  of  the  future  pan-european  numerical  radiotelephone 
(G.S.M.)  system  which  requires  a  bandwidth  of  about  2(X)kHz 
at  a  centre  frequency  in  the  range  of  45  to  about  2()0MHz. 


It  was  previously  shown  that  berlinite  has  a  sufficient 
coupling  coefficient  to  permit  the  obtention  of  bulk  wave  filters 
having  such  bandwidth  for  centre  frequencies  above  about 
45MHz  to  55MHz  (3)  14).  In  the  case  of  quartz  it  is  necessary 
to  use  a  centre  frequency  above  about  lOCMHz. 

These  specifications  require  to  use  the  fundamental  mode 
for  the  piezoelectric  elements  of  the  filter  at  a  high  value  of  the 
centre  frequencies  (most  often  70  to  160  MHz).  A  linearized 
phase  response  is  also  required.  In  these  conditions,  the 
conventional  technology  would  normally  lead  to  have  quite 
large  values  of  the  relative  dispersions  of  the  parameters  of  the 
piezoelectrical  elements  used  in  the  filters  whereas  the  filter 
design  is  made  more  sensitive  by  the  phase  condition.  It  is  thus 
necessary  to  improve  the  technology  to  reduce,  as  much  as 

possible,  the  dispersions. 

However,  the  constraints  put  on  the  technology  can  be 
somehow  relaxed  if  designs  less  sensitive  to  the  dispersions 
can  be  found  for  either  the  filter  circuit  or  its  piezoelectrical 
elements. 

In  this  communication,  we  consider  particularly  the 
research  of  designs  for  the  resonators  components  of  the  filter 
that  minimize  the  sensitivity  of  their  equivalent  scheme 
towards  the  dispiersions  of  their  physical  parameters. 

Another  important  criterion  also  considered  is  to  obtain 
resonators  with  a  sufficiently  low  value  of  the  inductance.  It  is, 
indeed,  an  important  advantage  at  very  high  frequencies,  to 
keep  the  iterative  impedance  of  filters  as  low  as  possible.  This 
reduces  the  influence  of  parasitic  capacitances  and  also  peimits 
to  lower  the  complexity  and  cost  of  the  coils  and  transformers. 

In  the  following  paragraphs,  after  having  considered  the 
specifications  of  the  I.F.  filters  for  G.S.M.  sets,  we  will 
research  how  it  is  possible  to  reduce  the  sensitivity  of  the 
resonators  characteristics  to  the  dispersions  introduced  by  the 
technological  process.  In  a  first  step,  made  in  view  to  choose 
the  crystalline  orientation  that  minimize  the  thermal  drift  for 
berlinite  filters,  the  angular  position  of  AT  cut  is  discussed. 
Then,  a  systematic  investigation  will  be  made  of  the  influence 
of  the  parameters  (  electrode  shape  and  surface,  mass  loading, 
etc....)  of  the  plane  fundamental  resonators  using  the  AT  cut  of 
berlinite  and  quartz,  on  the  elements  of  the  equivalent  scheme 
and  on  the  anharmonic  spectrum.  This  is  done  using  numerical 
models  based  upon  the  theory  of  the  essentially  thickness 
modes  15).  The  particular  interest  of  one  family  of  designs, 
based  upon  resonators  that  take  into  account  the  lateral 
anisotropy  of  AT  plates  |6|,  will  be  panicularly  emphasised 
since  this  family  of  designs  leads  to  optimum  properties 
relatively  to  several  cntcria. 
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I  The  I.F.  filter  for  the  (i.S.M.  Radiotelephone. 

This  system  will  cover  all  the  west  European  countries  in 
the  next  ten  years.  It  uses  the  frequency  bands  890-915  and 
9.T5-960MHz  and  employs  digital  transmission  of  voice  and 
data  .signals  in  2(X)  kHz  channels  shared  by  8  subscnbers.  The 
possibility  of  using  slow  frequency  hoping  according  to  a  code 
table  is  provided  for  introducing  a  further  improvement  of  the 
transmission  efficiency  (resulting  of  this  kind  of  frequency 
diversity).  The  type  of  modulation  chosen  (GMSK)  gives  a 
mean  frequency  spectrum  which  decreases  rapidly  from  the 
centre  of  the  channel  and  is  such  that  most  of  the  energy  of  the 
signal  is  contained  in  nearly  the  2  /3  of  the  channel  width.  This 
system  is  cellular  and  is  ruled  by  the  GSM  specifications 
(defined  by  the  Groupe  Special  Mobile  of  the  CEPT')  which  are 
mostly  of  external  nature  (defining  the  signals  exchanged 
between  the  different  equipments). 

The  radio  sub-system  of  a  G.S.M.  set  is  typically 
constituted  as  indicated  in  figure  1.  The  intermediate  frequency 
(  I  F.)  is  not  defined  by  the  GSM  specifications  which  only 
specify  the  global  channel  selectivity. 

Due  to  the  system  characteristics  (separation  between  the 
transmission  and  reception  sub-bands)  and  to  usual  design 
rules  for  the  R.F.  equipments,  I.F.  situated  between  45MHz 
and  approximatively  2(X)  MHz  can  be  chosen  with  some 
restrictions  resulting  of  the  existence  of  frequency  bands  where 
strong  radio  signals  are  preseni(  F.M.  and  television  bands 
etc..). 

The  global  selectivity  requirements  for  the  channel  can  be 
divided  in  different  manners  between  the  I.F.  filter(s)  and  a 
complementary  filtering  in  base  band;  the  choice  between  the 
different  possible  solutions  being  mostly  the  result  of  an 
arbitration  between  cost  and  performances  that  takes  into 
account  the  existing  solutions  for  the  I.F.  filter. 
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Figure  1:  Typical  scheme  of  the  radio  sub-system  of  a  GSM 
radiotelephone. 

The  best  technical  solution  is  to  place  the  maximum  of 
selectivity  as  ahead  as  possible  in  the  receiver.  In  this  case  the 
total  selectivity  requirements  (figure  2)  can  be  achieved  using 
two  low  losses  surface  wave  filters  or  one  bulk  wave  filter  with 
a  linearized  phase  response.  The  possibility  of  fulfilling  such 
specifications  with  a  four  poles  berlinite  filter  using  the 
fundamental  mtxle  was  recognized  several  years  ago  with 
filters  made  at  lower  frequencies.  The  response  curves  given  in 
figure  are  those  of  such  a  filter  that  was  obtained  in  1986  I6|. 
Since  that  time  .  other  demonstrations  were  made  [3|  |4|  at 
higher  frequencies  (20  and  70  MHz)  ,  and  the  possibility  to 
obtain,  at  low  cost,  the  thin  berlinite  plates  ncces.sary  to  build 
cheap  berlinite  filters  in  the  frequency  range  45-85  MHz  was 
demonstrated  |71.  Bulk  wave  quartz  filters  with  such 
bandwidth  can  be  made  above  about  lOOMHz.  For  quartz  also, 
a  chemical  etching  technique  exists  to  prtxluce  the  very  thin 
plates  required  (S). 


Figure  2:  Global  specifications  of  the  channel  selectivity  and 
relaxed  filter  specifications  (use  of  complementary  filtering). 
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Figure  .3;  Response  of  a  4  poles  Jaumann  berlinite  filter  with  a 
line  irized  phase  response. 
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Other  choices  of  the  distribution  of  selectivity  in  the 
G.S.M.  set  appear  to  be  possible,  and  it  seems,  in  the  present 
state  of  the  development  of  the  receiver  circuits,  that  the 
minimum  selectivity  that  can  be  placed  in  the  (first)  I.F.  filter  is 
some  thing  like  what  is  also  represented  in  figure  2  (the  less 
stringent  specifications).  Such  specifications  can  be  fulfilled 
either  by  one  low  loss  surface  wave  filter  or  a  two  poles  bulk 
wave  filter. 

Other  constraints  exist  for  the  components  of  this  system; 
an  important  degree  ot  miniaturization  and  a  very  reduced  cost 
are  required. 


Figure  4:  Experimental  results  of  the  thermal  behaviour  of  Y 
rotated  berlinite  resonators  near  the  AT  cut  (  Third  overtone  ). 


U  Optimization  of  the  crystalline  orientation  of  berlinite 
Plates. 

Using  previously  obtained  results  [  1 1  and  also  the  results  of 
new  experiments  made  with  resonators  operating  on  the  third 
overtone  and  having  cuts  nearly  equally  spaced  in  the  range 
Y-32”,  Y-34'  (examples  of  such  behaviours  are  given  on  figure 
4),  we  have  computed  the  variations  of  the  1st,  the  2nd  and  the 
3rd  order  temperature  coefficients  of  th.’  resonance  frequency 
as  a  function  of  the  cut  angle.  The  results  are  represented  in  the 
form  of  relative  variations  related  to  the  Y-33’  cut  on  the 
figures  5  to  7  .  On  these  figures  we  consider  the  values  of  the 
temperature  coefficients  at  the  reference  temperature  of  60'C  ( 
this  round  value  is  quite  close  to  the  inflexion  temperatures  for 
the  different  cuts  in  the  chosen  range).  As  for  the  AT  cut  of 
quartz  it  was  observed  that  the  1st  and  the  2nd  order 
temperature  coefficients  vanish  for  nearby  angles  but  here  for  a 
temperature  above  the  ambient  temperature,  (  or  otherwise 
said,  it  exists  a  reference  temperature  and  a  cut  at  which  they 
vanish  simultaneously).  Also,  it  can  be  observed  in  figure  7, 
that  the  third  order  coefficient  presents  a  maximum  in  this 
angle  range.  Using  these  temperature  coefficients  it  is  possible 
to  simulate  the  thermal  behaviour  of  3rd  overtone  resonators 
with  any  orientation  in  the  interval  { Y-32', Y-34' ).  This  is 
done  on  figure  8  for  resonators  with  cuts  situated  around  the 
AT  cut  for  the  third  overtone. 

Similar  measurements  were  also  made  for  fundamental 
mode  resonators  made  with  the  high  Q  factor  crystals  now 
available.  As  already  observed  in  the  early  age  of  synthetic 
quartz,  slight  differences  of  thermal  behaviour  were  observed 
between  these  samples  and  tho.se  previously  available. 

On  figure  9  is  represented  the  frequency  response  of  one 


Figure  5:  Variation  of  the  first  order  temperature  coefficient  of 
the  resonance  frequency  in  the  range(  Y-32',  Y-34'J  [  Third 
overtone]. 


Figure  7;  Variation  of  the  third  order  temperature  coefficient 
of  the  resonance  frequency  in  the  range]  Y-32',  Y-34']  [  Third 
overtone]. 
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Figure  8:  Computed  thermal  behaviour  for  the  third  overtone 
near  AT. 


Figure  9:  Typical  electrical  response  of  a  fundamental  mode 
re.sonator  near  AT. 


Figure  10;  Example  of  thermal  behaviour  of  fundamental 
m^e  resonators. 


‘40  -20  0  20  40  00  00  100  120  140 


Figure  11:  Thermal  behaviour  near  the  AT  cut  for  the 
fundamental  mode. 

resonator  used  for  these  measurements.  An  example  of  the 
obtained  results  is  displayed  on  figure  10  ;  it  represents  the 
thermal  behaviour  of  resonators  having  a  cut  angle  somehow 
below  that  giving  an  horizontal  inflexion  tangent.  These 
resonators  present  an  angular  dispersion  resulting  of  the  all  the 
technological  operations  needed  to  obtain  a  V.H.F.  plate 
including  a  deep  chemical  thinning.  Another  example  is  given 
on  figure  1 1  where  are  represent^  the  thermal  behaviour  of 
plates  operating  on  the  fundamental  mode  that  were  cut  very 
near  the  nominal  AT+0’  orientation  of  the  fundamental  mode 
and  present  an  angular  dispersion  that  was  voluntary  increased 
to  obtain  more  informations  around  this  angle. 
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The  case  of  the  plate  orientation  and  of  the  corresponding 
dispersions  is  particular  since  it  is  practically  uncoupled  of  the 
other;  this  results  of  the  fact  that  the  temperature  coefficients 
have  much  faster  angular  variations  than  the  other  properties 
(dielectric  constants,  coupling  coefficients,  effective  elastic 
constants  etc...).  For  the  plate  orientation  the  only  possible 
actions  are  the  choice  of  the  best  cut  and  the  reduction  of  the 
angular  dispersion. 

The  case  of  the  thickness  of  the  plate  needs  several 
comments.  First,  for  filter  applications  a  very  good  parallelism 
must  be  obtained  unless  antisymmetrical  anharmonics  appear. 
It  was  previously  shown  [6]  that  for  unparallel  plates,  the  main 
mode  is  displaced  under  the  electrode  in  the  direction  of  the 
least  thickness,  so  that  the  value  of  the  inductance  is  greatly 
modified.  Unless  to  use  intricate  resonator  structures  ,  the  only 
practical  choice  is  to  have  sufficiently  parallel  plates  (since  the 
possible  actions  that  can  reduce  the  sensitivity  of  the 
inductance  to  the  unparallelism  will  simultaneously  increase 
the  importance  of  antisymmetrical  anharmonics).  The  second 
comment  is  to  notice  that  the  frequency  adjustment  operation 
transforms  the  dispersion  of  the  thickness  into  a  dispersion  of 
the  mass  loading.  An  important  dispersion  of  this  parameter 
constrains  to  use  large  values  for  the  mass  loading  ;  we  will  see 
below  that  this  prevents  to  have  low  inductance  and  low 
sensitivity  designs.  Fortunately  berlinite  and  quartz  can  be 
easily  thinned  chemically  so  that  a  precise  thickness  can  be 
obtained.  Another  point  related  to  the  preceding  is  the  question 
of  the  measurement  of  the  plate  thickness  or  more  usually  of  a 
frequency  significative  of  this  parameter  with  sufficient 
reproducibility  and  accuracy  .  This  point  is  largely  discussed  in 
reference  [9|  where  it  is  indicated  that  at  the  very  high 
frequencies  large  systematic  errors  can  be  made  if  no 
precautions  are  taken.  The  influence  of  the  two  other  physical 
parameters  ( electrode  geometry  and  mass  loading)  and  of  their 
dispersion  will  be  largely  discussed  in  the  following 
paragraphs. 

111.2  Sensitivity  of  a  circuit  to  dispersions  of  its 

The  electrical  responses  of  electrical  circuits  are  more  or 
less  sensitive,  depending  on  their  designs,  to  the  dispersion  of 
their  constitutive  elements.  In  the  case  of  crystals  containing 
circuits,  such  as  crystal  filters,  the  electrical  response  is 
particularly  sensitive  to  the  dispersions  of  the  electrical 
parameters  of  the  crystals  which  are  elements  having 
reactances  with  fast  frequency  variations.  It  is  thus  important  to 
find  designs  for  these  resonators  that  minimize  the  influence  of 
the  unavoidable  dispersions  of  their  physical  parameters  on  the 
values  of  the  elements  of  the  equivalent  scheme. 


Definition  of  the  relative  sensitivity: 

IfF(p,Xl,X2 . Xi,..)isa  Network  Function  of  the  circuit,  for 

example  a  transfert  function  (  such  as  Zj/p),  SjiCp),  or  H(p), 
the  voltage-ratio  transfert  function...),  and  the  Xi(p)  are 
electrical  variables  characteristics  of  the  components  used  in 
the  circuits,  the  relative  sensitivity  of  F  to  variations  of  X^  is 
defined  by  the  relation: 


XidF 


The  variation  AF  of  F  corresponding  to  the  variationsAX, 
of  the  components  can  be  obtain  by  a  Taylor  development: 


If  we  consider  a  Isi  order  approximation  we  have: 


F 


=  I 

I 


,FdX.^ 


-  liSAF) 


If  now  we  express  the  electrical  variables  as  functions  of 
their  physical  parameters  and  of  the  environmental  variables: 
X.=  X,(Ul,U2< . . ),  we  obtain  formally: 


This  expression  contains  a  sum  of  products  of  two  kinds  of 
terms.  The  terms  like  Sx  (F)  are  characteristic  of  the  circuit 

design,  whereas  the  terms  like  S,JX,)  are  characteristic  of  the 

component  design.  This  indicates  that,  whatever  are  the 
"circuit  sensitivities"  it  is  sufficient  to  obtain  satisfactory 
sensitivity  properties  that  the  "components  sensitivities"  can  be 
kept  to  very  low  values. 

A  theoretically  better  approach  would  be  to  obtain  a  global 
minimisation  of  y,  or  of  a  function  of  the  values  taken  by  this 

quantity  for  different  frequencies  of  the  pass-band  and  of  the 
stop-bands  of  the  filter.  In  such  cases,  it  may  be  possible  to 
make  use  of  compensation  between  different  terms.  This  could 
be  made  directly  using  numerical  minimisation  techniques,  but 
requires  that  the  circuit  is  no  too  intricate  and  allows  sufficient 
designs  variations. 

In  this  communication,  we  would  consider  only  the 
research  of  resonators  designs  that  lead  to  reduced  sensitivity 
of  their  main  electrical  variables  (inductance,  resonance 
frequency,  existence  of  anharmonics)  to  dispersions  in  their 
physical  parameters  (thickness,  electrode  dimensions,  mass 
loading,  etc).  This  approach  is  justified  by  the  previous  remark 
(sufficient  condition)  and  also  by  the  fact  that  very  little  circuit 
design  variations  are  allowed  with  linearized  phase  filters 
when,  simultaneously,  very  constraining  amplitude  and  phase 
responses  are  specified  [  1 1  j. 

II1.3  Model  of  energy  trapping  resonator. 

As  a  basis  of  this  model,  we  use  the  scalar  equation  governing 
the  lateral  dependence  of  the  anharmonics  in  the  vicinity  of  one 
overtone  (number  n)  of  a  given  thickness  mode.  This  equation 
was  first  established  for  monoclinic  plates  [12]  then  for  p''  . 
of  an  arbitrary  orientation  [2];  in  this  case  the  equation  ha  , 
a  coordinate  system  with  Xj  normal  to  the  thickness  and  x,,  x, 
chosen  to  eliminate  the  mixed  derivative  [2]  the  following  form 


M. 


-+p. 


dx,^  '  dx^  4h^ 


li"  +  pco^ii" 


=pw(-iy 


{1} 
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In  this  equation,  u,(jt,jt3r)  is  the  lateral  dependence  of 
u'(x,X2X,t)  =  li"  s\r\(nKX2l2h). 


li,  arises  from  a  transformation  of  the  usual  component  of  the 
displacement  u,  and  of  <|i  the  potential  ,  made  to  replace  the 
inhomogeneous  boundary  conditions  ([)  =  =  ±>i  by 

the  homogeneous  conditions  $  =  0.  The  inhomogeneous  term 
of  the  equation  results  from  this  transformation. 


M,  =U, 


i  =  +  - 


2h  ' 


u,  =  Zu“ 

A 


The  coordinate  transformations  : 


C* 


c^‘ 

p' 


X,  =  rcost 


with:  '/  =  ^ 

‘  2** 


c*  =  c*”  (electroded  region) 


{3} 


c*  is  either  c"'  for  the  unelectroded  part  of  the  resonator  or  c*” 
for  the  electroded  part,  c*'*  is  the  stiffened  elastic  constant 
relative  to  the  corresponding  one  dimensional  mode 
(Eigen-value  of  the  Christoffel  Matrix). 

c“’  is  a  constant  that  includes  the  electrical  effect  of  the 
metallization.  4k‘'’Vn^  Jt^  is  approximatively  the  relative 
frequency  lowering  due  to  the  electrical  effect  of  the 
metallization,  R  is  the  mass  loading.  c*‘’  =  c*'’(l  -k^'^  is  a 
pseudo  ordinary  elastic  constant  which  is  equal  to  for  the  Y 
rotated  cuts,  k*''  is  the  coupling  coefficient  of  the 
corresponding  one  dimensional  m^e,  this  quantity  is  equal  to 
kjj  for  the  Y  rotated  cuts .  M  ,  P  are  intricate  functions  of  the 
material  constants  and  of  the  plate  orientation  that  can  be 
obtained  from  the  method  described  in  reference  [5]  or  in 
reference  (2]. 

Boundary  and  continuity  conditions  :  the  traction  free 
conditions  on  the  major  free  surfaces,  normal  to  the  thickness 
are  automatically  verified  as  a  consequence  of  the  method  used 
to  establish  the  equations.  On  the  surfaces  limiting  the 
electroded  and  the  unelectroded  regions  of  the  resonator  we 
have  to  specify  the  continuity  of  u,  and  of  its  normal  derivative. 

In  this  paper  we  suppose  that  the  amplitude  of  the  vibration 
mode  near  the  edges  of  the  plate  are  negligible  so  that  no 
boundary  condition  at  the  plate  edge  are  taken  into  account.  It 
was  previously  shown  that,  in  this  case,  they  induce  a 
negligible  modification  of  both  the  vibrations  modes  and  the 
reac  lances  frequencies  [13]  [14]. 

Eigen  mode  analysis  :  the  eigen  modes  r<f  the  resonator  can  be 
obtained  by  the  simultaneous  solution  of  the  equations  for  the 
electroded  and  unelectroded  regions  taking  into  account  the 
continuity  conditions  at  the  electrode  edge.  At  V=0  the 
homogeneous  form  of  the  approximate  equation  for  the  two 
regions  reduces  to : 

+P 3  + 4jt^p(/"-/V  =  0  {2} 

with  : 


c*  =  ?'>  (unelectroded  region) 
leads  to  the  equation  : 

1  >  „  n 


Where  A  =- 


nn 


f-r 

.  r 


that  can  be  separated  as  u,(r,t)  =  R(r).T(t)  in  : 


r^R"  +  rR'+R(r^A-vi‘)  =  0 

r”+oV  =  0 


{4} 


{5} 


For  the  electroded  region  the  symmetrical  solution  bounded  at 
r  =  0  can  be  expressed  as  ( 6] ; 

«!=  Y,  AJJr'lA)cosmt  [6} 

m  sO 

with  m  =  V  even  integer 

For  the  unelectroded  region  the  symmetrical  solution  bounded 
at  r  =t»  is  (since  A  is  then  negative) 

M,  =  Z  B„K„(r'jA’)cosmt  {7} 

«i  =  0 

with:  m  =  V  even  integer  and  A’  =  -A 

Jm  and  Km  are  respectively  the  Bessel  function  of  first  kind 
and  the  modified  Bessel  function  of  second  kind,  of  order  m. 

At  all  points  of  the  electrode  edge  we  have  to  specify  the 
continuity  of  u,  and  of  its  normal  derivative.  As  previously 
discussed  [1S][16][6],  this  can  be  approximated  by  the 
expression  of  these  conditions  at  only  a  discrete  number  q  of 
points.  It  the  solutions  for  the  two  regions  are  : 

u,'  =  (  1  A^,(r-^)cosmt  sin(nivcJ2h) 


for  the  electroded  region. 


=  (  2  B„K„{ry[A’)  cos  mt  sin(n  nxJ2h )  { 8} 

at  the  point  P(xfx^xf )  we  have  : 


or: 


for  the  unelectroded  region. 


M,V,X-t,'’)  =  «,"(x,>3>,'“) 

du[{P)  du!(P)  du!'(P)  M\P) 

dx,  dxj  dx,  dx, 
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If  we  choose  to  express  these  conditions  at  q  points  at  the 
electrode  edge,  we  obtain  2q  linear  relations  between  the 
coefficients  Aq,  A2,  Ajq.i-  -  Bo,  Bj.  to  obtain  a  solution 
we  have  to  truncate  the  series  to  q  terms  so  that  the  2q  relations 
constitute  an  homogeneous  linear  system  in  the  2q  coefficients. 
The  determinant  of  this  system  has  to  vanish  to  have  a  non 
trivial  (0)  solution  in  the  coefficients.  This  condition 
constitutes  a  frequency  equation  that  is  solved  numerically  for 
the  eigen  frequencies.  For  each  eigen  frequency  where  n  is 
the  rank  of  the  overtone  and  p  the  rank  of  anharmonic  ),  the 
coefficients  of  the  eigen  modes  are  found  as  the  solution  of  the 
homogeneous  linear  system  where  i  is  an  index 

varying  in  the  interval  [0,q- 1 1. 

On  the  whole,  the  eigen  modes  for  the  electroded  region  are 
given  by  : 

ti"!*  =  s  in  (n  71X2/2/1 

=  6^“ '  T '  { 10} 

1=0  ^  ' 

and  for  the  unelectroded  region  : 

ti")*  =  sin(mvc^2h  )u"l‘ 

iC  =  '  T '  B’‘‘/^Jr.^J-A•Acos(2it)  {11} 

1*0  ^  ^ 

where  the  coefficients  of  the  arguments  of  the  Bessel  functions 
are  now  given  by: 


The  corresponding  transformed  potentiel  is : 


—  Mi;  sin 


the  eigen  solution  must  verify  the  orthogonality  relation: 

J 1 1  “  {  1 3} 

with  : 

J  / ^  = J/£  u-yi<iv  ♦  I J  J„ 

V,  =  total  volume  of  the  plate 
V,  =  electroded  volume 
V,  =  V-V, 

Forced  vibrations : 

The  modes  forced  by  the  potential  can  be  obtained  by  a 
linear  combination  of  the  eigen  modes  at  V„=  0. 

For  the  potential  a  supplementary  term  must  be  added  1 17| 

li,  =  5^  £/y"‘‘u”‘‘ sin(n 711(2/2/1)  {14} 

"  i> 


0=II//-y  +  -^- 

A  U  2/1 


where  as  in  (13)  m'**  is  either  or  ti' 


u,  being  the  forced  solution. 

Accounting  for  the  fact  that  the  orthogonality  of  sin  (nnxJlh) 
has  already  been  expressed  in  the  forms  of  equation  1 1 )  that 
are  relevant  for  the  electroded  and  the  unelectroded  regions  we 
substitute  in  these  equations  the  lateral  dependence  of  u,. 

Then  we  multiply  these  relations  by  and  integrate 
respectively  on  F,  and  F,.  The  summation  of  these  two 
relations  gives  i  in  the  case  of  the  Y  rotated  cuts  of  class  32 
crystals  where  c'''=C|S6  and  k'”=k2«) : 

f  f  f 

•  4/1  AA  j  j  Jv. 


Using  the  transformed  form  of  the  orthogonality  relation 
accounting  for  the  orthogonality  of  sinusoidal  dependence  in 

Xj: 

J =  2hjf^  u’X;^dS  =  28^8^N'*’<^' 


We  obtain: 


where  S,  =  electroded  surface 

5,  =  total  surface 

Electrical  response  : 

Using  the  constitutive  equation  for  Dj 

"  ^26“!  .2  ~  ^2*1* .2 

O2  =  §  ^'“(*26  +  1  )  +  Z  I(-l 

Lr\  "14  h 

and  the  relation  Y  =^-^lls.D2dS 
We  obtain  the  expression  of  the  ad:v.i;:ance 

K  5e,  /44E22/.fn 

Y=JW  ve«,.2  _ _ I 

2h  ^  rr  (/^ -4)2,7 . 

The  identification  with  the  admittance  of  the  equivalent 
.scheme  (that  includes  in  parallel,  one  serial  arm  with  the 
"static"  capacitance  and  as  many  LC  serial  arms  as  there  is 
modes),  leads  to : 

S42  2 

is  the  capacitance  at  f  =  0 
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ihe  inductance  of  the  forced  mode  (/i|i)  is: 


As  expected  for  stiffened  mode  resonators  the  parallel 
-•apacitance  contains  C/  and  an  infinite  sum  of  the  opposite  of 
ihe  capacitances  of  all  the  mtxles  : 

=  {19} 

"  4 

In  the  case  of  one  dimensional  mtxles  of  an  infinite  plate,  the 
sum  -Z  Z  is  equal  to  -k^SeCi^lh  which  reduce  the  parallel 

"  4 

capacitance  at  high  frequency  to  the  usual  value  of 
f ’„  =  A>C22/21i  whereas  Cy  =  SeZ2^1h  is  the  low  frequency 
capacitance. 

IV  OPTIMIZATION  OF  BERLINITE  RESONATORS 
FOR  FILTER  APPLICATIONS. 


IV.I  Results  of  (he  computations  for  resonators  having 
circular  electrodes. 

The  mtxlel  wa.s  applied  to  compute  the  resonances 
frequencies  of  the  fundamental  mtxle  and  of  its  anharmonics, 
the  corresponding  mtxles  and  the  values  of  the  equivalent 
scheme  corresponding  to  each  mtxle  for  resonator  having  a 
thickness  of  20  microns,  circular  electrtxles  with  radius  ranging 
from  0. 1 5mm  to  ().4mm  and  a  mass  loading  ranging  from  0.5% 
to  1.5%.  The  constants  used  for  the  calculations  where  those 
measured  by  D.S. Bailey  et  al.  1 18|.  The  results  concerning  the 
resonance  frequencies  are  given  on  figure  12  in  functittn  of  the 

dimensionless  quantity  \ls/2li,  where  S  is  the  area  of  the 
electrtxles  and  2h  the  thickness  of  the  plate.  This  representation 
t>f  the  electrtxles  dimension  was  chosen  for  theoretical  rea.sons 
and  also  to  have  an  easy  comparison  between  results 
concerning  rc.sonators  having  electrtxles  t)f  different  shapes. 

On  Figure  12  we  can  observe  that  the  sensitivity  of  the 
resonance  frequency  to  the  electrtxle  dimensions,  increase  as 
the  mass  loading  increases  and  also  as  the  electrtxle  radius  is 
lowered.  As  well  known,  it  can  be  ob.served  that  anharmonic 
mtxles  appear,  with  the  largest  value  of  the  mass  loading,  fttra 
much  lower  value  of  the  electrode  rrdius;  .so  that  the  interest  of 
using  a  mass  loading  as  low  as  permitted  by  the  dispersion  of 
the  plate  thickness  appears  again. 

We  have  represented  on  figure  12  the  cut-off  frequency  of 
the  unelectrtxlcd  plate  and  also  the  cut-off  frequencies  of  the 
clectroded  plates  for  two  values  (  l.%  and  1.5%)  of  the  mass 
loading.  The  mtxles  noted  2  and  ^  are  the  symmetrical 
anharmonics  with  two  nodal  lines. 

On  figure  12  we  have  a  direct  representation  of  the 
frequency  lowering  due  to  a  given  mass  loading  (difference 
between  the  cut-off  frequency  of  the  unelectroded  plate  and  Ihe 
resonance  frequency  of  the  partially  electroded  plate  );  we  can 
observe  that  this  frequency  lowering  is  greatly  dependant  of  the 
dimensions  of  the  electrodes. 

On  figure  13  are  represented  the  same  curves  using  the 
reduced  frequency  defined  by  the  relation  :  =  -fr.iVfr.y 

(see  the  definition  of  A  in  relation  (4)  ). 


Figure  1 3;  Thickness  shear  modes  of  AT  berlinite  with  circular 
electrodes  in  reduced  frequency  coordinates  . 


Figure  14;  Inductance  of  AT  resonators  with  circular 
electrodes. 
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The  inductances  corresponding  to  the  same  resonators 
were  computed  numerically  using  the  relations  previously 
given.  On  figure  14  we  can  observe  that  the  value  of  the 
inductance  is  strongly  dependant  on  the  electrode  radius  and  is 
quite  independent  of  the  mass  loading,  at  least  fo  the  larger 
values  of  the  electrode  radius.  It  can  also  be  observe  that  the 
sensitivity  of  this  quantity  to  the  dispersion  of  the  electrode 
dimensions  increases  rapidly  for  the  small  values  of  the 
electrode  radius. 

For  the  values,  here  considered,  of  the  mass  loading,  the 
sensitivity  of  the  inductance  to  variations  of  the  mass  loading 
vanishes  for  a  value  of  the  normalized  electrode  dimension 
situated  nean/s/2h=25  (depending  on  the  exact  value  of  the 
mass  loading). 

IV.2  Results  obtained  for  resonators  havin2  elliDtical 
electrodes 

Such  electrode  shapes  are  interesting  for  theoretical 
reasons  [6|.  The  same  calculations  as  those  made  for  circular 
electrodes  were  performed  for  resonators  having  elliptical 
electrode  with  an  axis  ratio  corresponding  to  the  lateral 
anisotropy  of  the  AT  cii»  of  berliniic,  and  also  for  elliptical 
electrodes  having  an  axis  ratio  comprised  between  .3  and  2.5. 
On  figure  15  are  represented  for  elliptical  electrodes  respecting 
the  lateral  anisotropy,  in  reduced  coordinates,  the  variations  of 
the  resonance  frequencies  of  the  fundamental  mode  and  of  its 
anharmonics  as  a  function  of  the  dimensions  of  the  electrodes. 
On  this  figure  where,  as  in  figure  13  we  have  considered  three 
values  of  the  mass  loading  (0.5%,  1.0%,  1.5%),  we  can  observe 
that  the  anharmonic  modes  appear,  for  each  value  of  the  mass 
loading,  at  much  greater  values  of  the  electrode  surface. 

On  figure  16  are  represented  the  computed  modes  of  a 
resonator  made  from  a  plate  20  microns  thick,  having  such 
electrodes  with  a  dimension  along  the  x  axis  2a=0.55mm  and  a 
mass  loading  of  1.5%  that  lead  to  have  3  modes;  the 
fundamental  and  two  anharmonics.  The  resonance  frequencies 
and  the  motional  inductances  of  the  three  modes  are  indicated 
on  the  figure.  We  can  observe  that  the  motional  inductance  of 
the  second  mode  was  found  by  the  numerical  calculation  to  be 
extremely  high,  in  fact,  this  inductance  is  infinite  and  the  mode 
is  not  piezoelectrically  excitable,  since  in  the  r  and  t 
coordinates  introduced  in  §  111.3  this  mode  has  a  centre  of 
symmetry.  This  property  only  appears  when  a/b  is  exactly 
equal  to  (MyP„)'  ,  but  exists  for  any  values  of  the  mass  loading 
and  of  the  electrode  surface. 


Figure  15:  Thickness  shear  modes  of  resonators  with  elliptical 
electrodes  respecting  the  in  plane  anisotropy  of  the  AT  cut. 
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Figure  16:  Example  of  computed  modes  for  AT  resonators  with 
elliptical  electrodes. 


The  values  of  the  inductance  of  the  fundamental  mode 
computed  for  three  mass  loading  (0.5%,  1%,  1.5%)  as  a 
function  of  the  reduced  electrode  dimension  is  displayed  in 
figure  17.  In  this  figure,  we  can  observe  that,  at  equal  surface, 
the  inductances  are  not  very  different  of  those  found  with 
circular  electrodes.  But  the  elliptical  electrodes  respecting  the 
lateral  anisotropy,  permit  to  have  monomodes  responses  with 
much  larger  surfaces,  so  that,  lower  inductances  can  be 
obtained  together  with  a  reduced  value  of  the  sensitivity  to  the 
dispersion  of  the  electrode  dimensions. 
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Zero  of  the  sensitivity  ot  the  inductance  to  variation  ot  me 
mass  loadin£. 

On  figure  18  are  represented,  in  function  of  the  mass 
loading,  the  values  of  the  motional  inductance  of  resonators 
having  elliptical  electrodes  respecting  the  lateral  anisotropy,  a 
thickness  2h=20microns,  and  two  different  electrode  surfaces. 
The  figure  18a  corresponds  to  the  zero  sensitivity  point 
observed  in  figure  17  (at  yls  /2h=22J5  i.e.  for  a  large  value  of 

/2h).  We  can  observe  that  a  very  reduced  sensitivity  to  the 
variations  of  the  mass  loading  exists  for  values  situated 
between  ,75%  and  1.15%.  On  figure  18b  is  displayed  the  case 
of  a  zero  sensitivity  appearing  for  smaller  electrodes 

dimensions  (V5/2/i= 15.52),  and  a  higher  value  of  the  mass 
loading.  In  this  case  the  value  of  the  inductance  is  much  higher 
than  those  found  with  the  larger  value  of''/5 12h . 


Figure  17:  Inductance  of  AT  berlinite  resonators  with  elliptical 
electrodes. 


Existence  of  a  minimum  of  the  "dimension"  of  the 
vibration  mode: 

On  figure  19  is  displayed  a  quantity  that  represents  nearly 
the  total  radius  filled  by  the  mode.  The  quantity  dmax  given  on 
this  figure  is  exactly  the  radius  such  that  u^(dmax)< 
2.10  ''xi?max,  where  u^max  is  the  maximum  of  u,^.  On  figure 
21  we  can  observe  that  dmax,  computed  here  for  elliptical 
electrodes  with  an  axis  ratio  a/b=1.3,  has  for  the  three  mass 
loading  considered,  a  minimum.  This  means  that  when  the 
integration  of  several  resonators  on  the  same  plate  of  as 
reduced  dimensions  as  possible  is  considered,  it  exist  an 
optimum  choice,  for  each  mass  loading  ,  of  the  electrode 
dimension  and  of  the  distance  between  resonators. 

Influence  of  the  electrode  shape  on  the  apparition  of 
anharmonics: 

On  figure  20  are  represented,  in  reduced  coordinates,  for 
the  AT  cut  of  berlinite,  the  resonance  frequencies  of  resonators 
having  a  constant  surface  and  a  different  value  of  the  ratio  of 
the  two  axis  of  the  ellipse.  We  can  observe  on  this  figure  that 
excepted  for  very  small  a/b  ratio,  the  resonance  frequency  of 
the  fundamental  mode  is  nearly  constant,  whereas  large 
variations  of  the  resonance  frequencies  of  the  anharmonic 
modes  are  observed.  The  spacing  between  the  fundamental 
mode  and  the  anharmonics  is  extremal  for  the  values  of  a/b 
situated  in  the  interval  [1.2,  1.4].  These  values  of  a/b 
correspond  to  the  most  interesting  designs  from  the  point  of 
view  of  the  sensibility  of  the  apparition  of  anharmonics  to  the 
variations  of  either  the  a/b  ratio  or  the  mass  loading.  When  a/b 
is  strictly  equal  to  (M,/P„)'^,  the  1st  anharmonic  is  not 
piezoelectrically  excited  so  that  a  further  advantage  is  gained. 


Figure  18:  Zero  of  sensitivity  of  the  inductance  to  variations  of 
the  mass  loading.  18a  case  of  large  electrodes,  18b  case  of 
small  electrodes;  rm  is  the  "radius"  of  the  mode. 


Figure  19:  "Dimension"  of  the  mode  (elliptical  electrodes). 


On  figure  21  are  represented  the  computed  modes  of  a 
resonator  having  a  large  a/b  (2.5)  ratio  and  an  usual  mass 
loading  (1.0%),  these  modes  are  drawn  at  the  same  scale  as  in 
figure  16 .  In  this  case,  there  is  only  one  anharmonic  mode.  We 
can  observe  that  it  has  a  geometry  which  is  very  different  of 
that  of  the  first  anharmonic  of  figure  16.  If  we  compare  now  the 
geometry  of  modes  of  resonators  having  the  same  surface 
(figure  22),  we  can  observe  that  the  in  plane  anisotropy  of  AT 
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berlinite  makes  that  the  mcxle  shape  is  different  of  the  shape  ot 
the  electrodes  except  for  the  case  where  a/b=(MyP„)‘'^,  this  is 
particularly  visible  in  the  case  of  a  circular  electrode  (a/b=l.). 


Figure  20;  Thickness  shear  modes  of  elliptical  electrodes  with 
constant  surface  and  varying  axis  ratio. 
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Figure  21;  Computed  modes  of  an  AT  berlinite  resonator  with 
elliptical  electrodes  having  a  large  a/b  ratio. 
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Figure  22;  Comparison  of  the  computed  fundamental  modes  of 
berlinite  resonators  with  elliptical  electrodes  having  a  constant 
surface  and  different  axis  ratios. 


IV.3  Comparison  of  resonators  having  electrodes  of 
different  gfometry 

In  table  2  we  compare  the  computed  resonance  frequencies 
and  inductances  of  resonators  having  the  same  thickness,  the 
same  electroded  surface  and  the  same  mass  loading  but 
different  electrode  geometries.  In  this  table,  we  can  observe 
that  the  resonance  frequencies  of  the  fundamental  mode  and 
the  inductance  are  not  very  sensitive  to  the  electrode  shape  ( for 
these  values  of  the  surface  and  of  the  mass  loading).  However 
the  lowest  values  of  these  two  quantities  are  observed  for  the 
elliptical  electrodes  that  respects  the  lateral  anisotropy.  It  can 
be  also  noticed  that  the  rectangular  and  square  electrodes  leads 
always  to  slightly  higher  inductances  than  the  corresponding 
elliptical  or  round  electrodes.  This  is  due  to  the  inefficiency  of 
the  comers  in  this  type  of  electrodes  to  give  a  good 
contribution  to  the  dynamical  capacitance,  or,  otherwise  said, 
this  is  due  to  the  fact,  that,  unless  the  mass  loading  is  vei>  high, 
the  mode  has  a  more  smoother  shape  than  the  electrodes. 

If  we  consider  now  globally,  the  conditions  of  apparition 
of  the  first  symmetrical  anharmonic  mode,  the  value  of  the 
motional  inductance  in  monomode  conditions,  and  the 
sensitivities,  the  electrode  shapes  having  a  ratio  a/b 
corresponding  to  the  in  plane  anisotropy  of  AT  berlinite  are 
much  better  than  the  others.  Among  all  the  electrode  shapes 
having  the  proper  a/b  ratio  ,  the  elliptical  ones  are  from  far  the 
best. 

TABLE  2  Comparison  of  the  inductance  of  resonators  with 
different  electrode  geometries  (constant  surface=.1822mm2) 
S=0.l•2mm^  /?  =  1  %  .  2h  =  20»ini 


GEOMETRY 

a/b 

Frequency 

(kHz) 

Inductance 

(mH) 

Reel 

0,7* 

71367. 

2.45 

Square 

1 

71362. 

2.24 

Reef. 

1.3 

71342. 

2.22 

Rect. 

1.9* 

71349. 

2.22 

Ellipt. 

0.70* 

71388. 

2.25 

Round. 

1 

71342. 

2.19 

Ellipt. 

1.3 

71338. 

2.17 

Ellipt. 

2.0* 

71365. 

2.21 

*  response  having  anharmonics 


V  OPTIMIZATION  OF  AT  QUARTZ  RESONATORS 
FOR  FILTER  APPLICATIONS: 

V.l  Resonators  having  circular  electrodes. 

The  model  was  applied  to  compute  the  resonances 
frequencies  of  the  fundamental  mode  and  of  its  anharmonics 
and  the  values  of  the  equivalent  scheme  for  resonators  having  a 
thickness  of  23.0152  microns,  circular  electrodes  with  varying 
radii,  and,  a  mass  loading  equal  to  .5%,  1.0%  and  1.5%.  For  the 
computations  we  have  used  the  B.B.L.  constants  of  quartz  [19). 
The  results  are  represented  in  figures  23  (resonance 
frequencies)  and  24  (motional  inductance).  All  the 
observations  previously  made  about  berlinite  concerning  the 
sensitivities  are  also  pertinent  in  this  case. 

V.2- Resonators  having  elliptical  electrodes  respecting  the 
lateral  anisotropy. 

In  figures  25  and  26  are  represented  the  computed  values  of 
the  resonance  frequencies  and  of  the  inductance.  In  this  case 
we  can  observe  that  this  electrode  shape  has  the  advantage  to 
allow  a  much  larger  surface  for  the  electrodes  before  the 
apparition  of  anharmonics.  With  a  low  mass  loading,  we  have 
also  again  interesting  sensitivity  properties  for  the  resonance 
frequency  and  the  inductance. 


,'0  ,5  „  „ 

Figure  23:  Resonance  frequencies  of  AT  quartz  resonators  with 
circular  electrodes. 


Figure  24:  Motional  inductance  of  AT  quanz  resonators  with 
circular  electrodes. 


Figure  25:  Resonances  frequencies  of  AT  quartz  resonators 
with  elliptical  electrodes. 


In  order  to  display  some  properties  of  the  modes  of 
resonators  having  such  an  electrode  geometry,  we  have 
represented  on  figure  27  the  computed  mode  shapes  of  the 
anharmonics  existing  of  a  resonator  (2h=23.0152  microns) 
having  very  larges  electrodes  (2a=lmm)  and  a  large  mass 
loading  (3%).  Four  of  these  anharmonics  are 
centro-symmetrical  in  the  (r,t)  coordinates  and  thus  not 
piezoelectrically  excitable. 
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Figure  26;  Motional  inductance  of  AT  quartz  resonators  with 
elliptical  electrodes. 


"Dimension"  of  the  vibration  mode. 

On  figure  28  are  displayed  for  resonators  having  the  same 
parameters  as  in  the  two  preceeding  figures  the  variations  of 
the  quantity  rc  such  that  u^(rc)<=2.1()  '.  u^(a/2).  This  quantity 
represents,  as  dmax  in  §1V,  the  radius  in  which  almost  all  the 
energy  of  the  resonator  is  confined.  We  can  observe  also,  on 
figure  28  that  rc  present  a  minimum,  for  each  value  of  the  mass 
loading.  For  the  largest  electrode  dimensions,  rc  increase 
proportionnally  to  the  electrode  dimensions. 
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Figure  27:  Symmetrical  anharmonics  of  a  resonator  with 
elliptical  electrodes  having  a  large  mass  loading  (3%)  and  a 
large  surface  (2a=l.mm). 


VI.  COMPARISON  WITH  EXPERIMENTAL  RKSILTS 
VT.I  Berlinite  resonators. 

Computed  results  were  compared  to  experimental  ones  for 
AT  berlinite  resonators  made  with  resonance  frequencies  in  the 
range  8-lOMHz  and  round  or  elliptical  electrodes.  A  quite 
good  agreement  was  found  for  the  frequencies  (the 
experimental  ones  are  always  higher  by  a  few  percent  ( 1 1)  and 
tor  the  mode  shapes.  The  experimental  inductances  are 
systen;.  ..cally  lower  than  the  computed  ones.  This  results 
much  probably  of  a  too  low  value  of  the  computed  coupling 
coefficient  (see  the  expression  (18}).  The  experiments  have 
shown  that  the  computed  values  of  the  inductance  are  to  be 
corrected  by  a  factor  of  the  order  of  0.70.  The  correction  factor 
for  the  computed  coupling  coefficient  of  the  shear  mtxle  of  the 
AT  cut  is  much  probably  of  the  order  of  1.2.  From  other 
experiments  1 1  j  we  can  estimate  that  the  Cij  constants  of 
reference  |18]  are  lower  to  that  of  the  high  Q  material  now 
available  by  a  few  percent.  Much  probably,  at  least  one  of  the 
piezoelectric  constants  given  in  reference  (18]  is  lower  to  that 
of  the  material  used  in  the  present  experiments. 


Figure  28;  "dimension"  of  the  mode  for  AT  quanz 
(Fundamental  mode  with  elliptical  electrodes),  rc  here  is  such 
u^(rc)<2.10■^u^(a/2).  (the  curve  ael  represents  the  variation  of 
half  the  great  axis  of  the  ellipse). 

In  figures  29a,b,c  are  compared  expierimental  and 
computed  results  for  a  resonator  having  circular  electrodes 
(2h=.152mm,  2r=3.58mm,  R=1.40%).  The  experimental  and 
computed  frequencies  and  motional  inductances  are 
respectively  fexp.=9.50212.‘iMHz,  fcal.=9.352265MHz; 

Lexp.=l  1.85mFi,  Lcal.=  17.40mH. 

In  figure  30  is  considered  the  case  of  a  berlinite  resonator 
having  elliptical  electrodes  (2h=.  173mm,  2a=2.890mm  , 
2b=2.216mm  ,  R=1.35%).  The  experimental  frequency  is 
8.331  MFlz  whereas  the  computed  one  is  8.2553MHz.  The 
experimental  inductance  is  38mH  and  the  computed  one  is 
54mH.  As  expected  from  the  calculation  no  anharmonics  are 
present  in  the  response  curve  (figure  29a),  and  the  mode  shape 
has  a  geometry  very  similar  to  the  computed  one(ftgures  29b  & 

V1.2  Quartz  resonators. 

For  quartz  resonators  a  very  good  agreement,  always  in 
accordance  with  the  accuracy  of  the  different  experimental 
quantities  or  parameters  used  in  the  calculations,  was  found 
between  the  experimental  and  the  computed  results. 

In  figure  31  are  compared  the  results  relative  to  a  12  MHz 
resonator  having  elliptical  electrodes  (  2h=.  130mm 

.2a=2.90mm  ,  2b=2. 286mm  ,  R=  1 .32%).  The  experimental  and 
the  computed  frequencies  and  inductances  are  respectively 
fe=12.71 1  ,fc=12.71  IMHz;  Le=17.7  mH,  Lc=18.7  mH. 


178 


lO«  MA«  to  «•/ 


nri 


CCMTBA  9.60a  tM  HHl 


VAM  .900  000  NHl 


Figure  29:  AT  berlinile  resonator  with  circular  electrodes.  29a;Response  curve,  29b:experimental  mode  shape,  29c 
computed  mode  shape. 
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Figure  30:  AT  berlinite  resonator  with  elliptical  electrodes.  30a:  response  curve,  30b:experimental  mode  shape, 
30c:computed  mode  shape. 


loo  MAO  to  00/  IV  0 


iini 


t0.7»t  too  MKt 


OMAM  .too  OOO  lOtt 


Figure  31:  AT  quartz  resonator  with  elliptical  electrodes.  31a:  response  curve,  3 lb;  experimental  vibration  mode, 
31c;photography  of  the  resonator. 


A  comparison  was  also  made  for  VHF  resonators  with 
elliptical  electrodes.  These  resonators  were  made  using 
chemically  milled  very  thin  plates  of  quartz,  commercially 
available  |S|,  Elliptical  electrodes  (2a=().9mm,2b=<).5mm) 
with  a  mass  loading  of  0.5%  were  deposited  on  these  plates 
w  hich  have  a  thickness  of  about  23.7  microns.  On  figure  32  is 
represented  the  electrical  response  of  one  of  these  resonators 
together  with  a  photography.  !t  can  be  observed  that  as 
e.xpected  from  the  calculation,  no  anharmonics  are  present.  The 
computed  inductance  is  1.66  mH  whereas  the  experimental 
values  were  found  in  the  ranee  1.52-1.58  mH. 
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Figure  32:  Response  curve  (32a)  and  photography 
V.H.F.  resonator  with  an  elliptical  electrode  (0. 
having  a  mass  loading  of  0.5%  giving  no  anharmonics  (AT 
quartz). 


IV  (Conclusion 

An  investigation  of  the  propenies  of  V.H.F.  resonators 
using  the  fundamental  mode  of  AT  berlinite  and  AT  quartz  was 
made  in  view  to  optimize  the  design  of  resonators  u.sed  in  the 
i.F.  Filter  for  the  G.S.M.  radiotelephone  .  In  a  first  step  the 
angular  position  of  the  AT  cut  of  berlinite  was  researched.  In  a 
second  step,  using  a  model  of  resonator,  the  influence  of 
several  physical  parameters  on  the  values  of  the  elements  of  the 
equivalent  scheme  was  studied. 

These  investigations  have  shown  the  interest  to  use  low 
values  of  the  mass  loading  together  with  electrodes  as  large  as 
permitted  by  th:  dispersion  of  the  plate  thickness.  This  permits 
to  obtain  low  values  for  the  motional  inductance  and  also  zero 
or  very  reduced  sensitivities  to  several  dispersions. 


We  have  shown  that  elliptical  electrtxles  with  a  ratio  a/b 
respecting  the  lateral  anisotropy  of  the  material  allow  to  have 
much  larger  electrode  surface  than  with  any  others  before  the 
appiu'ition  of  unwanted  anhannonic  modes.  This  permi's 
lower  values  of  the  inductance  and  stiil  better  sensitivity 
properties. 

The  calculations  have  indicated  that,  at  least  for  the  smaller 
values  of  the  mass  loading,  the  total  surface  occupied  by  the 
vibration  mtxle  of  resonators  with  such  elliptical  electrodes 
presents  a  minimum.  This  permits  the  optimization  of  filters 
integrating  several  resonators  on  the  same  plate. 
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Abstract 


This  article  gives  information 
about  developments  of  monolithic  fil¬ 
ters  using  quartz  material,  lithium 
tantalate  and  La^Ga^SiO^^  (langaslte). 

Their  principal  parameters  and  angle 
of  cut  are  reported  which  ensure 
obtaining  minimum  or  zero  frequency- 
temperature  coefficient  over  the 
operating  temperature  range. 


Introduction 

At  present  monolithic  filters 
(MP)  are  widely  used  in  electronic 
engineering  for  frequency  selection 
in  communication  equipment.  The  field 
of  application  of  these  devices 
extends  from  several  megahertz  up  to 
hundreds  megahertz  at  the  fundamental 
frequency  and  up  to  hundreds  megahertz 
for  monolithic  filters  using  inverted 
mesa  and  operating  at  overtones.  The 
range  of  realizable  bandwidths  extends 
from  thousands  of  a  percent  (monolithic 
crystal  filters)  up  to  0,3%  and  from 
0,8%  up  to  4%  for  lithium  tantalate  mo¬ 
nolithic  filters  {^1  j  which  is  shown  in 
Figure  1 . 

From  the  figure  it  follows  that 
over  the  range  of  pass  bandwidths  from 
0.3%  up  to  0,8%  a  gap  existed  up  to  the 
present  time  for  monolithic  filters, 
these  filters  were  realized  as  filters 
with  discrete  elements  with  added  in¬ 
ductances,  which  Increased  considerably 
their  volume  and  wei^t  and  decreased 
their  reliability. 

In  order  to  cover  this  pass  band 
range  piezoelectric  materials  are 
necessary  having  intermediate  properties 
regarding  electromechanical  coupling 
coefficient  and  frequency-temperature 
coefficient  (FTC)  between  quartz  and 


lithium  tantalate  crystals.  The  fol¬ 
lowing  materials  can  be  attributed  to 
these;  berlinlte  (AlPO.)  [2]  ,  lithium 

tertaborate  (Ll2B^0y)  ^3]  ,  these  crys¬ 
tals  being  at  present  applied  in  piezo¬ 
electric  engineering.  To  the  new  pro¬ 
mising  materials  having  Intermediate 
properties  beloxjg  crystals  having  the 
structure  of  potassium  gallium  gemanlte 
La^Ga^SlO^^,  Ca^Ga^GeO^^,  Sr^Ga^GeO^^, 

These  trigonal  crystals  are  isotropic  to 
quartz  crystals  (  oi  -  SiOg),  belong  to 

the  symmetry  class  32  (Group  P321 )  and 
have  as  quartz  crystals  both  left-handed 
and  right-handed  modification.  They  are 
rown  by  using  Tchokhralsky  method 
T  -  1400  -  1500°C)  [4]  ,  T^]  . 

Compared  to  quartz  they  exhibit 
lesser  acoustic  wave  attenuation,  their 
piezoelectric  constants  e^^  and  e^^  and 

diagonal  elastic  modules  being  approxi¬ 
mately  twice  as  great  as  those  of 
quartz.  Therefore,  the  existence  of  cuts 
with  B'all  and  zero  values  of  frequency- 
temperature  coefficient  is  possible  for 
these  materials  with  supposed  high 
electromechanical  coupling  factor  value, 

La^Ga^Si0.j^  and  LlTaO^  -  filters 

Monolithic  filters  using  langaslte 
crystals  have  satisfactory  frequency- 
temperature  coefficient  (approximately 

equal  to  i ,3  ^  10"^/1°C)  for  this  pass 
bandwidth  range  and,  as  it  was  noted 
above,  have  a  number  of  advantages  over 
discrete  quartz  crystal  filters,  opera¬ 
ting  within  this  range. 

For  strong  piezoelectrics  such  as 
lithium  niobate  and  lithium  tantalate  by 
using  the  second  type  of  vibrations  it 
is  possible  to  decrease  the  temperature 
coefficient  of  frequency  and  the  influ- 
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Pig.  1  ;  Frequency  ranges  and  pass  bands  of  monolithic 
filters  using  different  piezoelectric  crystals 


ence  of  piezoelectric  effect  which 
enables  to  design  intermediate -band 
frequency  monolithic  filters. 

Figure  2  shows  piezoelectric 
elements  for  lithium  tantalate  monoli¬ 
thic  filter  of  the  second  order  with 
particular  resonators  operating  in  the 
second  type  of  thickness  shear  and 
thickness  twist  modes.  The  shown  piezo¬ 
electric  elements  have  driving  electro¬ 
des  located  at  one  of  the  main  faces  of 
piezoelectric  substrate,  and  "overlap¬ 
ping"  them  "passive"  electrodes  of 
particular  resonators  are  located  at 
the  other  main  face. 

In  a  piezoelectric  element  shown 
in  Pig.  2a,  the  thickness -twist  shear 
mode  is  driven  artificially  at  the 
expense  of  corresponding  selection  of 
inactive  electrode  and  creation  of  op¬ 
positely  directed  electrical  fields  in 
two  underelectrode  areas  each  constitu¬ 
ting  a  particular  resonator. 

The  adjustment  of  electromechani¬ 
cal  coupling  factor  (k_)  of  operational 

s 

modes  with  constant  electrode  area  of 
particular  resonators  is  achieved  by 
changing  particular  resonator  inter¬ 
electrode  distance  of  particular 
electrode  areas,  constituting  resona¬ 
tors. 


a)  b) 


Pig,  2:  Second -order  monolithic 
filters  operating 

a)  in  thickness-twist  mode 

b)  in  thickness-shear  mode  of  2nd  type 


In  a  piezoelectric  element  shown  in 
Fig.  2b),  the  change  of  k_  is  maximum, 

because  particular  resonators  are  loca¬ 
ted  in  the  direction  of  maximum  acoustic 
coupling  coinciding  with  the  Y-axis  of  a 
crystal  element. 

The  typical  frequency  attenuation 
characteristic  of  filters  shown  in 
Pig.  2s}  and  b)  is  given  in  Fig.  3* 
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Fig.  3!  Typical  frequency  attenuation 
characteristic  of  the  2nd 
type  monolithic  filters 
operating  in  thickness-twist 
and  thickness -shear  modes  of 
the  2nd  type 


Figure  4  shows  temperature  coef¬ 
ficient  of  frequency  curves  for  three 
monolithic  filters  manufactured  of 
lithium  tantalate. 


Fig.  4:  TCP  curves  of  three  different 
types  of  lithium  tantalate 
monolithic  filters 

1  -  MP  operating  in  thickness-shear 

mode  of  the  first  order 

2  -  MP  operating  in  thickness-twist 

mode  of  the  second  order 

3  -  MP  operating  in  thickness-shear 

mode  of  the  second  order 
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Conclusion 

The  authors  hope  that  calcium  gal- 
lium-germanite  crystals  and  monolithic 
filters  operating  in  thickness-shear 
and  twist  modes  of  the  second  type  will 
find  their  application  in  piezoelectric 
engineering. 
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Abstract 

Conveniently  prograaaable  design  equations  are 
known  for  the  routine  design  of  plano-plano  AT-cut 
resonators.  This  is  not  equally  true  of  contoured 
resonators.  A  nuaber  of  effects  of  contour  are  dis¬ 
cussed  in  various  places  in  the  literature,  but  soae 
reaain  uninvestigated.  This  paper  reports  an  inade¬ 
quately  defined  and  executed  experiaent  to  probe  the 
existence  of  a  variation  of  the  inflection  point  of 
the  teaperature-f requency  characteristic  of  a  con¬ 
toured  AT-cut  resonator  with  contour.  Two  of  the 
authors  are  now  retired  and  no  longer  positioned  to 
pursue  the  aatter  further.  We  read  this  evidence  to 
indicate  that  the  existence  of  an  effect  is  not  here 
established.  The  intended  experiaent  and  the  defi¬ 
ciencies  of  the  one  actually  perforaed  are  described 
in  the  hope  that  a  better  investigation  aight  be  de¬ 
vised  and  reported  by  soae  other  investigator. 


Introduction 

The  efficient  design  of  contoured  AT-cut  reson¬ 
ators  is  still  the  esoteric  specialty  of  a  few  jour- 
neyaen  crystal  engineers.  For  two  categories  of 
requireaent  an  inefficient  design  process  is  not 
disabling.  These  are  the  very  large  voluae  require- 
aent,  possibly  with  soaewhat  loose  teaperature-f re¬ 
quency  specifications,  suitable  for  pipe  bevel  con¬ 
touring,  and  the  very  precise  resonator  as  used  in 
frequency  standards,  for  which  the  cost  of  fabrica¬ 
tion  is  sufficient  that  an  expensive  design  effort 
is  well  justified.  The  orphan  is  the  saall  voluae 
requireaent  for  resonators  of  only  aoderate  preci¬ 
sion.  The  effort  to  design  these  is  coaparable  to 
that  for  either  of  the  others.  The  aarket  for  thea, 
however,  does  not  readily  support  this  effort.  This 
is  at  least  one  contributing  cause  for  the  avoidance 
of  contoured  crystals  in  low  volune  applications. 
The  availability  of  low  cost  frequency  divider 
circuits  and  synthesizers  has  aade  this  be  not 
disastrous.  There  is  still  a  place  for  these  units 
in  our  repertoire,  however,  and  good  design  proced¬ 
ures  for  thea  should  be  in  our  literature. 


Design  Eleaents 

It  is  well  known  that  the  aotional  iapedance 
of  a  contoured  resonator  has  a  ainiaua  possible 
value  (11  which  is  a  function  of  only  thickness  and 


contour.  Expressions  which  allow  the  calculation  of 
the  aotional  iapedance  have  bean  derived  by  Sauer- 
bray  (21  and  by  Tiarstan  and  his  co-workers  (31. 

It  is  well  known  that  the  effective  frequency 
constant  of  the  quartz  is  a  function  of  the  curva¬ 
ture  of  the  contoured  face.  Sauarbray  found  a  sia- 
ple  expression  for  this.  The  one-diaensional  plano- 
plano  frequency-thickness  relation  is  written  as: 

Ft  =  nK,  (1) 

Sauerbrey’s  expression  for  the  plano-convex  resona¬ 
tor  with  contour  radius  R  is; 

Ft  *  K,  (n  ♦  a  /TTl?!  (2> 

His  derivation  predicted  a  value  of  0.51  for  ai  his 
experiaents  found  0.49.  This  expression  is  a  con¬ 
venient  design  foraula.  It  is  equivalent  to  identi¬ 
fying  the  effective  frequency  constant  as: 

K.,,  =  K,  (1  ♦  0.49  /TTir  /n)  (3) 


It  is  well  known  that  the  teaparature-f requency 
(T-F>  characteristic  of  AT-cut  quartz  is  described 
by  a  cubic  equation  the  slope  at  the  inflection 
point  of  which  is  a  function  of  the  angle  of  rota¬ 
tion  of  the  cut  around  the  X-axis.  At  the  AT-cut 
angle,  -35.25  degrees,  the  best  value  for  the  rate 
of  change  of  this  property  with  angle  is  given  by 
Batlato  (41  to  be  5.08x10'*  per  degree.  The  slope 
of  the  T-F  characteristic  at  its  inflection  teapera- 
ture  is  controlled  in  production  by  controlling  the 
rotation  angle. 

It  is  well  known  that  a  convex  contour  on  the 
resonator  surface  has  the  effect  of  decreasing  the 
slope  (steepening  the  negative  slope)  of  the  T-F 
characteristic  at  the  inflection  teeperature.  A 
curve  incorporating  this  effect  was  generated  by 
Tyler  (51.  His  curve  plotted  the  *optiaua  angle*  of 
a  resonator  at  series  resonance  as  a  function  of 
thickness-radius  ratio.  At  that  tiae  the  tera 
optiaua  angle  referred  to  that  angle  yielding  the 
ainiaua  total  deviation  of  frequency  across  the 
teaperature  range  -55  to  *90  Degrees  Celsius,  the 
angle  which  results  in  the  saae  frequency  at  -55  de¬ 
grees  as  at  the  upper  turn.  This  curve  is  included 
as  Figure  9.  Worked  backwards  froa  the  curve,  his 
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contoured  resonators  had  the  deviations  of  a  plano- 
plano  resonator  at  -35  degrees,  17  minutes.  The  al¬ 
lowance  for  curvature,  the  difference  of  angle  in 
minutes  between  the  values  of  his  curve  and  17  min¬ 
utes  for  plano-convex  crystals,  is  well  fitted  by 
the  equation  161: 

Ae  =  220t/R  ♦  8.5(l-exp(-lllt/R))  (4) 


It  is  well  known  that  the  inflection  tempera¬ 
ture  of  the  curve  of  the  T-F  characteristic  of  the 
plano-plano  resonator  is  a  function  of  the  angle  of 
rotation.  This  is  illustrated  by  the  range  of  zero 
crossings  of  the  universal  curves  in  the  Union 
Thermoelectric  Handbook  C7],  It  is  displayed  in  ex¬ 
pressions  derived  from  Bechmann  in  the  variable 
value  of  their  coefficient  "B"  181.  For  plano-plano 
AT-cut  resonators  the  rate  of  change  of  inflection 
temperature  with  angle  is  -14.7  degrees  C  per  degree 
0  [4],  practically  one  degree  Celsius  per  four  mi,-.- 
utes  of  angle. 

It  is  not  well  known,  however,  if  the  inflec¬ 
tion  temperature  itself  is  affected  by  contour.  A 
variation  of  inflection  temperature  with  contour 
could  be  hidden  in  Tyler’s  curve.  The  temperatures 
of  the  turns  and  the  temperature  differences  between 
any  fixed  temperature  and  the  turns  all  depend  upon 
the  inflection  temperature.  To  calculate  the  design 
of  a  resonator  to  make  its  turn  temperature  match  an 
oven,  the  true  value  of  the  inflection  temperature 
should  appear  in  some  way  in  the  calculation. 

Taking  the  logarithmic  derivative  of  frequency 
with  respect  to  temperature  in  equations  (1)  and  (2) 
yields  expressions  (5)  and  (6),  respectively: 

T’ (F)  =  T’ <K, )  -  T’ (t)  (5) 

T’  (F)  =  T’  (K,  )  -  T’  (t)  +  T’  (n  *a  /TTITT  (6) 

These  appear  identical  except  for  that  one  term 
in  (6)  containing  the  square  root  of  the  ratio  of 
thickness  to  radius  of  curvature.  If  quartz  were 
isotropic  this  term  would  be  identically  zero.  The 
thermal  coefficient  of  expansion  of  quartz  is  great¬ 
er  along  Z-  than  perpendicular  to  it,  so  the  contour 
is  truly  spherical  at  only  one  temperature;  the  ang¬ 
ular  orientation  of  the  piano  surface  of  the  plano¬ 
convex  blank  changes  with  temperature;  the  thick¬ 
ness,  which  is  a  little  piece  of  the  radius  of  the 
contouring  sphere  perpendicular  to  the  piano  sur¬ 
face,  deviates  from  that  line  at  any  other  tempera¬ 
ture.  One  could  conclude  from  (6),  in  the  absence 
of  an  adequate  theoretical  analysis,  that  any  dif¬ 
ference  between  the  inflection  temperatures  of  piano 
piano  and  contoured  resonators  must  be  quite  small. 

The  cubic  characteristic  is  the  characteristic 
of  K,  itself.  Observable  differences  between  plano- 
plano  and  contour  must  follow  from  a  subtle  depend¬ 
ence  of  the  frequency  constant  upon  the  contour.  It 
took  great  sophistication  to  compute  a  dependence  of 
the  slope  at  inflection  on  contour.  The  same  analy¬ 
sis  may  predict  a  variation  in  the  inflection  tem¬ 
perature  itself.  Ue  do  not  have  the  sophistication 
to  recognize  it,  but  it  may  well  be  there. 


The  Experiment  Performed 

Undertaking  to  measure  any  systematic  variation 
of  inflection  temperature  with  contour  and  to  derive 
an  expression  for  whatever  variation  we  might  find, 
we  performed  a  rather  crude  experiment.  Our  data 
was  taken  by  contouring  an  ensemble  of  60  blanks  of 
a  given  diameter,  thickness  and  angle,  as  drawn  from 
stock,  using  the  range  of  tools  maintained  in  the 
tool  room,  three  blanks  per  tool.  These  were 
plated,  mounted,  cased  and  measured  for  T-F  charac¬ 
teristic.  Everything  was  done  under  normal  factory 
conditions  and  by  factory  personnel. 

Blanks  were  chosen  at  a  nominal  -34  degrees, 
49,5  ±  0.5  minutes.  They  were  rounded  to  550  mils 
diameter  and  lapped  to  2305  ±  5  khz.  Contouring  was 
done  manually  on  one  side  of  the  blanks  until  the 
central  flat  spot  (the  original  surface)  just  disap¬ 
peared.  They  were  etched  to  raise  the  frequency  by 
a  nominal  5  khz  and  plated  with  1000  Angstroms  of 
silver.  They  were  mounted  and  cemented  and  sealed 
in  resistance  welded  envelopes. 

In  the  listing  to  follow  the  contours  used  are 
stated  in  tool  diopters,  followed  in  parentheses  by 
the  contour  radius  in  millimeters.  These  are  nomin¬ 
al  values.  The  tools  were  drawn  from  the  tool  room 
and  had  varying  degrees  of  wear.  Typically  a  care¬ 
less  operator  will  so  use  the  tools  that  tool  wear 
results  in  a  contour  somewhat  greater  than  nominal, 
while  the  most  conscientious  operator  will  control 
the  tool  wear  so  that  the  contour  becomes  somewhat 
less  than  nominal.  It  is  practically  impossible  to 
have  a  tool  wear  by  a  noticeable  amount  without  hav¬ 
ing  one  or  the  other  error  develop.  The  tools  used 
were:  1  dp  (530  mm),  2  dp  (265  mm),  2.25  dp  (235.6 
mm),  3  dp  (176.7  mm),  4  dp  (132.5  mm),  5  dp  (106 
mm),  5.25  dp  (100.9  mm),  6  dp  (83.3  mm),  6.5  dp 
(81.5  mm),  7  dp  (75.7  mm), 8  dp  (66.25  mm),  9  dp 
(58.9  am),  9.5  dp  (55.8  mm),  9.75  dp  (54.4  mm),  10 
dp  (53  mm),  10.5  dp  (50.5  mm).  11  dp  (48.2  mm).  12 
dp  (44.2  mm),  12.25  dp  (43.3  mm),  13  dp  (40.8  mm). 

The  T-F  characteristics  of  the  finished  units 
were  tested  in  a  Saunders  Model  2100  Passive  Test 
Set.  The  measurements  were  fitted  to  cubic  equations 
by  rote  using  a  least  squares  program.  Those  curves 
which  displayed  a  "goodness  of  fit”  of  at  least 
0.9999  were  analyzed  to  determine  their  inflection 
temperatures  and  slopes.  From  an  initial  60  blanks, 
34  curves  were  analyzed.  Of  the  26  others  19  curves 
displayed  activity  dips.  Seven  units  were  dead.  No 
unit  contoured  with  curvature  below  4  diopters 
displayed  a  characteristic  sufficiently  smooth  to  be 
analyzed.  Other  contours  produced  crystals  with 
activity  dips. 

The  inflection  temperatures  and  slopes  at  that 
temperature  of  the  34  "good"  crystals  are  displayed 
variously  in  Figures  1  through  4.  Figure  1  is  a 
histogram  of  the  inflection  temperatures  measured. 
Figure  2  plots  the  measured  inflection  temperatures, 
as  points  vs.  contour.  Figure  3  plots  the  measured 
slopes  at  inflection  similarly.  A  curve  drawn 
through  the  ensemble  displays  the  shape  of  the  curve 
anticipated  for  this  data  drawn  from  Tyler  [5], (6). 
Figure  4  shows  the  measured  slopes  plotted  vs.  their 
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corresponding  neasured  inflection  teaperatures,  as 
points.  These  should  be  related,  so  the  plot  con¬ 
tains  a  line  illustrating  the  slope  of  the  relation¬ 
ship  anticipated  for  this  plot. 

It  is  ianediately  apparent  that  the  experiaent 
has  not  generated  a  body  of  data  froa  which  a  aean- 
ingful  design  procedure  can  be  extracted. 

Mostly  as  an  afterthought,  we  remeasured  the 
units  on  higher  modes.  The  measurements  were  much 
more  difficult  on  the  third  mode  than  on  the  fund¬ 
amental,  and  impossible  on  the  fifth.  Ue  got  usable 
data  on  40  units  on  the  third  mode.  These  are 
presented  in  the  same  sequence  as  the  fundamental 
properties  in  Figures  5  through  8. 

Discussion 

This  angle,  -34  degrees,  49  minutes,  is  suffi¬ 
ciently  removed  from  those  angles  normally  required 
for  plano-plano  resonators  that  these  resonators 
should  show  inflection  temperatures  significantly 
displaced  from  familiar  values  if  contour  does  not 
affect  the  inflection  temperature.  In  particular, 
since  a  plano-plano  blank  around  -35  deg.,  13  min. 
has  its  fundamental  series  resonant  inflection  teap- 
arature  at  26  degrees  C,  we  should  expect  a  blank  at 
-34  deg.,  49  min.  to  have  its  inflection  tempera¬ 
ture  six  degrees  lower,  or  about  20  degrees  C.  Only 
a  few  curves  on  the  fundaaental  show  inflection 
temperatures  below  the  familiar  26*  degrees,  and 
none  are  below  23  degrees. 

Since  the  crystals  were  not  intended  to  perform 
on  higher  overtones,  the  necessary  additional  fabri¬ 
cation  steps  to  make  them  so  perform  were  not  done. 
Performance  on  the  third  was  marginal  at  best  and 
the  test  equipment  did  not  even  detect  a  fifth  mode 
response.  The  measurement  on  the  third  mode  yielded 
a  preponderance  of  curves  having  inflection  teapera- 
res  clustered  about  23  degrees  as  shown  in  Figure  8, 
while  the  fundamental  curves  are  clustered  more 
loosely  around  26  degrees  (Figure  1). 

This  clustering  of  the  inflection  temperatures 
may  be  the  significant  positive  result  of  the  exper¬ 
iment.  The  clustering  on  the  fundamental  about  26 
degrees  when  plano-plano  should  come  in  at  20  indi¬ 
cates  that  the  contouring  has  raised  the  inflection 
temperature  by  aporoxiaately  6  degrees,  about  the 
same  amount  that  the  angle  difference  would  have 
lowered  it. 

This  is  is  different  from  the  effect  of  over¬ 
tone  in  achieving  an  approximation  of  the  intrinsic 
properties  of  an  isolated  resonator.  The  higher  the 
overtone  the  more  closely  the  characteristic  measur¬ 
ed  at  series  resonance  matches  the  intrinsic  charac¬ 
teristic  of  quartz  itself.  The  characteristic  of 
quartz  unaffected  by  the  properties  of  any  external 
material  or  device  is  difficult  to  observe.  Series 
resonance  is  the  performance  of  the  resonator  in  a 
peculiarly  restrictive  though  technologically  useful 
circuit  application.  The  characteristic  behavior  at 
series  resonance  differs  from  the  intrinsic  behavior 
of  the  isolated  quartz  as  a  consequence  of  the  vari¬ 
ation  of  the  electromechanical  coupling  with  temper¬ 
ature  (91.  The  difference  varies  inversely  with  the 


square  of  the  overtone  order.  The  effect  on  the 
third  mode  is  only  some  IIK  of  that  on  the  funda¬ 
mental,  the  fifth  is  4k  and  the  seventh  2k.  The  dif¬ 
ference  between  the  fundamental  bunched  temperature 
and  the  third  overtone  bunched  temperature  can  be 
explained  as  an  overtone  effect,  but  both  tempera¬ 
tures  are  displaced  from  their  plano-plano  values  by 
some  6  degrees,  ostensibly  by  the  contour. 

Although  there  is  no  clear  pattern  to  be  read 
in  Figure  2,  we  believe  we  may  see  a  trend  in  the 
cluster  of  points  implying  a  curve  of  positive  slope 
or  a  curve  concave  upward.  Figure  6,  the  corres¬ 
ponding  plot  of  the  third  overtone  data  shows  an 
even  wider  scatter  of  the  points  without  a  clue  of  a 
clearer  relationship  being  apparent.  Either  could 
be  equally  used  to  bolster  an  argument  that  no  sig¬ 
nificant  effect  such  as  we  are  seeking  exists. 

The  slope  at  inflection  should  become  more 
negative  with  contour,  in  the  manner  indicated  by 
Tyler’s  curve.  Figure  9.  A  curve  inserted  into 
Figure  3  applies  Tyler’s  curve  for  the  dimensions  of 
these  crystals  to  illustrate  the  effect  on  the  slope 
at  inflection  if  the  only  effect  is  the  well-known 
change  of  apparent  plano-plano  angle  due  to  contour. 
On  the  fundamental  this  aspect  of  the  performance  of 
the  crystals  is  approximately  normal,  the  center  of 
gravity  of  the  point  scatter  tracking  the  curve  with 
considerable  fidelity,  but  on  the  third  (Figure  7) 
the  data  appears  to  show  the  slope  increasing  rather 
than  decreasing.  This  does  not  make  these  assem¬ 
blies  of  scattered  points  more  understandable. 

Trying  to  make  more  sense  of  the  scatter  of  the 
points  in  Figures  2  and  3,  the  plot  of  Figure  4  was 
made,  a  point  plot  of  the  inflection  temperature  vs. 
the  slope  at  inflection.  If  we  see  a  mixture  of 
normal  contoured  behavior,  whatever  that  is,  and  the 
consequences  of  angle  scatter,  it  might  be  inferred 
from  some  feature  of  Figure  4,  Plano-plano  crystals 
would  show  no  effect  of  contour,  but  would  demon¬ 
strate  angle  scatter  by  generating  a  line  with  a 
slope  of  (14.7/-5.08  =)  -2,89  degrees  C  per  ppm  per 
degree  C.  passing  through  the  point  0  ppm/degree,  26 
degrees.  An  arbitrary  line  with  this  slope  is  drawn 
into  Figure  4.  The  figure  makes  it  clear  that  the 
scatter  of  points  is  not  a  simple  consequence  of  a 
scatter  of  angle  in  the  initial  blanks.  If  it  were, 
the  data  points  would  fall  into  a  band  having  that 
slope,  or  deviating  from  it  in  some  systematic  man¬ 
ner,  If  this  plot  is  of  a  band  of  points,  then  that 
band  has  a  slope  somewhat  steeper  than  the  line. 

In  order  further  to  clarify  what  we  are  seeing, 
we  remeasured  the  crystals  on  the  third  mode.  This 
data  was  harder  to  get  and  less  satisfying  than  the 
fundamental  data,  being  derived  from  only  9  points 
per  curve,  vs  17  for  the  fundamental  measurements. 
The  group  of  40  crystals  which  yielded  "good"  curves 
were  analyzed  by  the  same  approaches.  Figure  8  is 
constructed  from  third  mode  measurements  as  was 
Figure  4,  plotting  the  inflection  temperature  vs  the 
slope  at  inflection.  Even  though  the  cubic  fir  was 
"good",  five  points  wore  so  far  from  the  rest  that 
they  are  only  indicated,  not  plotted.  This,  we  are 
satisfied,  is  an  effective  way  of  demonstrating  that 
the  third  mode  data  points  are  not  an  obviously  more 
well-behaved  single  population  than  are  the  funda¬ 
mental  mode  points. 
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An  object  lesson  and  an  exaaple  of  what  we  had 
hoped  to  see  developing  as  a  reasonable  extension  of 
our  project  can  be  seen  in  a  paper  by  Adaas,  et  al. 
(101.  Their  reported  neasureaents  of  angle  were  Bade 
to  5  seconds  of  angle  in  soae  cases,  and  to  no  worse 
than  15  seconds  in  any  case.  Their  crystals  were 
eeasured  on  the  5th  mode,  ours  on  the  fundamental. 
For  this  investigation  they  used  a  variety  of  diaae- 
ter-thickness  ratios  as  necessary  for  well-behaved 
crystals.  One  of  their  curves,  reproduced  here  as 
Figure  10,  illustrates  the  quality  of  results  possi¬ 
ble  to  be  had  in  an  adequate  expc-iaent,  even  with 
contoured  crystals.  These  curves  were  easier  to  ob¬ 
tain  than  ours  would  ever  be,  as  these  crystals  were 
all  of  a  single  proven  design  at  a  single  frequency, 
differing  only  in  angle.  The  quartz  and  the  laws  of 
acoustics  are  both  completely  reliable.  The  reason 
for  our  iaperfect  results  is  merely  an  imperfect  or 
incomplete  experiment. 


Cone lusions 

There  was  only  one  fabrication  run.  Several 
facts  became  obvious  from  this  limited  experiment: 

(1)  Visual  examination  of  the  results  is  enough  to 
show  that  the  ensemble  represents  more  than  a  simple 
population.  The  hypothesis  of  off-angle  blanks  in 
the  ensemble  is  not  adequate  to  explain  the  scatter 
of  results.  In  another  experimental  cycle,  however, 
the  blanks  should  be  preselected  into  a  tight  group, 
only  a  few  seconds  wide,  before  rounding. 

(2)  The  single  diameter  used  for  all  blanks  was 
not  suitable  for  all  contours.  This  really  was  pre¬ 
dictable.  No  contour  below  4  diopters  was  usable 
for  data  on  the  fundamental  mode.  These  lower  con¬ 
tours  would  have  performed  better  on  larger  blanks. 
Moreover,  the  principal  coupled  modes  generating 
activity  dips  depend  on  thickness,  diameter  and 
contour,  while  the  designed  mode's  behavior  depends 
only  on  the  central  geometry,  on  the  thickness  and 
contour.  Several  contours  higher  than  4  diopters 
also  generated  unuseable  curves.  Tyler's  work  on 
contoured  crystals  resulted  in  a  relatively  small 
number  of  prototype  designs  which  were  geomet¬ 
rically  scaled  to  cover  a  range  of  frequency.  In 
our  experiment,  with  its  variety  of  contours,  we 
needed  a  selection  of  diameters  to  combat  problems 
with  both  activity  and  interfering  modes. 

(3)  Us  selected  an  unorthodox  angle,  one  normally 
better  suited  for  double  convex  crystals  than  plano¬ 
convex.  None  of  our  curves  turned;  none  had  a  nega¬ 
tive  slope  at  inflection.  This  may  actually  have 
been  beneficial,  as  it  forced  us  to  depend  upon  the 
data  itself  without  being  led  astray  by  a  subjective 
feel  for  the  shape  of  familiar  curves,  but  the  wide 
range  of  frequency  in  each  measured  characteristic 
made  the  test  set  behavior  marginal.  The  test  set 
operated  according  to  a  program  which  did  not  find 
the  inflection  point  in  any  of  these  curves.  All 
cubic  curves  have  inflection  points.  Even  if  it  has 
no  point  of  zero  or  negative  slope,  each  has  a  point 
of  zero  curvature.  in  another  experiment  we  would 
use  a  rotation  some  ten  minutes  greater. 

(4)  Ue  must  accept  the  possibility  that  the  simple 
problem  we  posed  for  ourselves  has  no  simple  solu¬ 


tion.  Plano-plano  crystals  are  well  designed  by 
simple  design  equations  because  their  behavior  is  so 
well  described  by  one-dimensional  resonator  theory. 
Contoured  crystals  are  three-dimensional  resonators. 
Ue  simplify  the  discussion  of  contoured  crystals  by 
using  a  one-dimensional  vocabulary,  but  speak  of 
"edge  effects’.  These  edge  effects  may  well  be  the 
source  of  our  data  scatter,  not  reducible  in  such  a 
simple  manner  as  we  tried.  Horeover,  the  effect  we 
tried  to  measure  may  not  exist,  at  least  as  a  first 
order  effect. 

(5)  The  experiment  might  be  described  mors  accur¬ 
ately  as  incomplete  rather  than  as  imperfect.  Under 
other  circumstances  each  of  the  authors  would  have 
considered  this  a  good  start,  and  work  would  have 
continued. 

The  results  are  not  as  orderly  as  we  hoped.  If 
contour  has  an  effect  upon  the  inflection  tempera- 
re  of  the  T-F  characteristic  of  contoured  resona¬ 
tors,  it  is  certainly  small.  From  this  data  we  can 
say  it  is  at  most  a  small  increase  with  contour.  It 
can  be  argued  with  equal  justification  that  there  is 
no  effect,  though  this  would  provide  no  explanation 
for  the  distribution  of  inflection  temperatures.  The 
quality  of  the  results  is  not  sufficient  for  this  to 
be  resolved.  Ue  would  make  a  more  complete  project 
to  be  reported  at  a  later  date  if  we  still  had  ready 
access  to  the  necessary  facilities. 


Appendix  1.  The  Plotted  Points.  Fundamental 


No. 

Radius 

Ij _ 

13 

4 

132.5 

1 . 24906 

25.0044 

14 

4 

132.5 

1 . 03300 

26.4740 

15 

4 

132.5 

1.23744 

25.6901 

17 

5 

106 

1 . 06305 

25.6022 

19 

5.25 

100.9 

1 . 09460 

26. 1168 

20 

5.25 

100.9 

1 . 24663 

23.6981 

21 

5.25 

100.9 

1.16690 

25.3069 

22 

6 

03.3 

1.05721 

25.6225 

23 

6 

03.3 

1. 17977 

25. 1056 

24 

6 

03.3 

1.01490 

25.9747 

25 

6.5 

01.5 

1.26957 

25.9329 

26 

6.5 

01.5 

1 . 06245 

24.9960 

27 

6.5 

01.5 

1.21246 

23. 8020 

28 

7 

75.7 

1 . 00227 

28.8675 

29 

7 

75.7 

1.12001 

27.0176 

30 

7 

75.7 

1.13955 

27. 1753 

37 

9.5 

55.8 

1.01055 

23.6372 

30 

9.5 

55.0 

0.017492 

24.3963 

40 

9.75 

54.4 

0. 790333 

24.9076 

41 

9.75 

54.4 

0.961604 

24.0407 

42 

9.75 

54.4 

0.906340 

25.6061 

46 

10.5 

50.5 

0.997322 

26.2465 

47 

10.5 

50.5 

0.939358 

26. 1267 

48 

10.5 

50.5 

0.032041 

26.5952 

49 

11 

48.2 

1.01291 

26.4265 

51 

11 

48.2 

0.657927 

20.1896 

52 

12 

44.2 

0.736414 

26.6866 

54 

12 

44.2 

0.731906 

26. 1253 

55 

12.25 

43.3 

0.842103 

27.4259 

50 

12.25 

43.3 

0.721713 

27.2070 

57 

12.25 

43.3 

0.037540 

27.9600 

58 

13 

40.8 

0.600581 

20.0475 

59 

13 

40.8 

0.825096 

20. 1697 

60 

13 

40.0 

0.005090 

20.2479 
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Appendix  2.  The  Plotted  Points,  Third  Mode 


No. 

Radius 

A,  ppa/des 

Ii 

1 

1 

530 

2.42252 

21.2846 

7 

2.25 

235.6 

2.48272 

21.0132 

8 

2.25 

235.6 

2.33709 

21.4103 

9 

2.25 

235.6 

2.33989 

21.7462 

10 

3 

176.7 

2.43891 

21.2808 

11 

3 

176.7 

2.39696 

23.0986 

12 

3 

176.7 

2.48064 

22.4736 

17 

5 

106 

2.44540 

21.0739 

18 

5 

106 

2.63406 

20. 1839 

19 

5.25 

101 

2.41797 

24.2434 

20 

5.25 

101 

2.60724 

21.9196 

21 

5.25 

101 

2.46082 

24.4372 

22 

6 

88.3 

2.49781 

23.0816 

23 

6 

88.3 

2.57279 

18.0658 

24 

6 

88.3 

2.47407 

24. 1556 

25 

6.5 

81.5 

2.72146 

21.2039 

26 

6.5 

81.5 

2.57726 

21.9511 

27 

6.5 

81.5 

2.70420 

22.3773 

28 

7 

75.7 

2.53386 

22.8711 

29 

7 

75.7 

2.50115 

22.6261 

30 

7 

75.7 

2.69831 

21.0617 

31* 

8 

66.25 

2.57521 

28.7580 

33 

8 

66.25 

2.41123 

24.5255 

35' 

9 

56.9 

2.56037 

26.5438 

37 

9.5 

55.8 

2.69296 

18.9568 

38 

9.5 

55.8 

2.53581 

19.9563 

39 

9.5 

55.8 

2.61678 

20.8148 

40 

9.75 

54.  4 

2.47636 

24.3505 

41 

9.75 

54.4 

2.65434 

22.5330 

42 

9.75 

54.4 

2.62007 

22.9062 

43 

10 

53 

2.51041 

19.5382 

44 

10 

53 

2.65471 

21.1663 

45 

10 

53 

2.51943 

17.9006 

47 

10.5 

50.5 

2.66616 

22.9142 

48 

10.5 

50.5 

2.61413 

22.9752 

52 

12 

44.2 

2.56598 

24.5728 

53* 

12 

44.2 

2.64644 

28.2809 

54* 

12 

44.2 

2.56439 

31.5934 

56 

12.25 

43.3 

2.69146 

21.5026 

60* 

13 

40.8 

2.67057 

27. 1096 

Note;  *  signifies  data  points  not  on  plots. 

Appendix  3.  Inflection  Teapefature 

It  was  noted  above  that  the  prograo  of  the  cob- 
nercial  test  equipaent  used  failed  to  recognize  the 
inflection  tenperatures  of  the  T-F  characteristics 
of  these  crystals  which  have  no  region  of  negative 
slope.  If  a  cubic  curve  has  two  extreaa,  that  is. 
if  it  has  an  upper  and  a  lower  temperature  turn,  the 
inflection  point  can  be  shown  to  lie  aid-way  between 
them.  This  is  not,  however,  the  definition  of  an 
inflection  point.  An  inflection  point  is  a  point  of 
zero  curvature.  In  analyzing  a  cubic  function  for 
its  interesting  characteristics,  it  will  be  shown 
that  every  cubic  curve  has  one  inflection  point,  and 
if  it  has  one  extreauo  it  has  two. 

If: 

F  =  A,  ♦  A.T  ♦  A,T»  +  A,T> 

then: 

F’  =  A,  ♦  2A,T  ♦  3A,T> 


F-  =  2A,  ♦  6A,T 

At  inflection  F*  -  0,  froB  which  it  follows 

that  ; 

Ti  -  -  Aj  /  3As 

The  slope  at  inflection  is  F'  evaluated  at  T, , 
which  results  in: 

F’.  =  A.  -  A,»/3A, 

If  the  cubic  has  an  extreauB  it  occurs  where 
F’  =  0,  at  which  point(s): 

T,  =  -At  A  /  Ai  *  ~  ^A»  Ai 
3A, 

If  Ai*  >  3Ai As  then  the  expression  under  the 
radical  is  positive  and  the  equation  has  two  roots 
disposed  equally  above  and  below  the  inflection  tea- 
peraturs.  If  As*  -  3Ai As  there  is  only  one  solution 
and  the  slope  of  the  characteristic  is  zero  at  the 
inflection  teaperature.  If  As*  <  3AiAs  there  is  no 
point  of  zero  slope.  The  extreaa  are  iaaginary,  but 
there  is  still  one  real  inflection  teaperature  as 
derived  above. 
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Figure  1.  Distribution  of  34  Fundaaental  Inflection  Figure  5.  Distribution  of  40  Third  Node  Inflection 
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Figure  3.  Fundaaental  Slope  at  Inflection  (ppa/deg)  Figure  7.  Third  node  Slope  at  Inflection  (ppa/deg) 
vs.  Contour  (diopters).  va.  Contour  (diopters) 


Fi|ura  4,  Fundsaantal  Inflaction  Taaparature  (dag  C) 
vs.  Slopa  (ppa/dag). 


Figure  8.  Third  Node  Inflection  Taaparatura  (deg  C) 
vs.  Slopa  (ppa/dag). 


Figure  9.  Tyler’s  Curve  of  Angle  vs.  Contour.  151 
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ABSTRACT 

The  measurement  of  load  resonant  frequency  can 
be  accomplished  using  several  measurement  techniques. 
Load  resonant  frequency  measurements  with  Trans¬ 
mission  Systems  and  Crystal  Impedance  Meters  are 
examined  along  with  the  measurement  difficulties  of  each 
method.  Potential  sources  of  correlation  differences  are 
discussed  including  the  impact  of  the  crystal  spurious 
responses  on  the  load  resonant  measurement. 

INTRODUCTION 

A  quartz  crystal  is  used  at  either  the  series  resonant 
frequency,  determined  by  the  motional  parameters  of  the 
crystal,  or  at  a  load  resonant  frequency  that  is  determined 
by  the  crystal’s  motional  parameters  and  the  value  of  an 
external  load  reactance.  Normally  this  external  reactance 
is  a  capacitor,  with  the  resulting  load  frequency  slightly 
higher  than  the  series  resouant  frequency. 


CO 


Cl  LI  RR 


Figure  1 

Where:  CL  =  Load  Capacitor  (pF) 

Cl  =  Motional  Capacitance  (pF) 

LI  =  Motional  Inductance  (mH) 

RR  =  Crystal  Resistance  (ohms) 

CO  =  Static  Capacitance  (pF) 

The  load  resonant  frequency  can  be  shown  to  be 


Load  resonant  frequency  measurements  are  in-  F 

herently  difficult  tc  make  because  of  the  accuracy  and  _  pp  F1 _  ^  ^  (I) 

repeatability  required  for  the  measurement  and  because  “  2^  CO  +  CL^) 

the  crystal  itself  impacts  the  resolution  of  measurement.  >- 

In  addition,  the  associated  strays  of  the  measurement 
circuit  can  have  a  pronounced  impact  upon  the  meas¬ 
urement  being  made.  These  difficulties  are  examined  for 

load  resonant  frequency  measurements  made  on  Trans-  Where:  FL  =  Load  Resonant  Frequency  (Hz) 
mission  Systems  and  Crystal  Impedance  Meters.  The  FR  =  Series  Resonant  Frequency  (Hz) 

measurement  techniques  presented  are  those  typically  used 

in  the  industry.  The  techniques  described  for  the  When  a  crystal  is  measured  with  a  physical  load 

Transmission  System  are  also  applicable  to  an  S  Para-  capacitor  there  are  additional  stray  terms  that  ate  intro- 
meter  Measurement  System.  duced  into  the  circuit.  The  most  prominent  terms  are  the 

stray  capacitance  present  at  the  junction  of  the  crystal  and 
the  external  load  capacitor,  the  stray  capacitance  across 
EQUIVALENT  CRYSTAL  CIRCUIT  the  crystal,  and  the  lead  inductance  of  the  circuit.  Fi¬ 

gure  2  shows  the  electrical  model  including  these  terms. 

The  basic  electrical  equivalent  circuit  for  a  quartz 
crystal  operated  at  load  resonance  is  shown  in  Figure  1. 
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cx 


Figure  2 

Where:  CY  =  Stray  Capacitance  (pF) 
CX  =  Stray  Capacitance  (pF) 
LS  =  Lead  Inductance  (nH) 


The  Transmission  System  First  measures  the  static 
capacitance  of  the  crystal  at  a  frequency  that  is  far 
removed  from  the  resonant  frequency  of  the  crystal.  The 
frequency  synthesizer  is  then  stepped  in  the  vicinity  of 
resoiumce  and  impedance  measurements  are  made.  The 
reactance  of  the  static  capacitance  is  subtracted  from  these 
measurements  which  results  in  the  motional  arm  reactance 
and  resistance.  The  measurement  iteration  continues  until 
the  motional  arm  reactance  equals  zero.  Series  resonant 
frequency  and  resistance  are  then  determined  at  this 
point.  The  motional  capacitance  is  derived  from  the 
slope  of  the  motional  arm  reactance  as  indicated  by 
Equation  (3). 


The  load  resonant  frequency  of  this  circuit  including 
the  circuit  stray  reactance  is  shown  in  Equation  (2). 


- -  .  ., 

2  t  CO.  •  crxco  •  oo  -  CCS  cco  -a  •  a  •  oo] 


Where;  CLS  =  (lO"  )/(4  Pi'  FR'  LS) 

The  measuremeni  of  load  resonant  frequency  and  the 
impact  of  these  strays  for  both  Transmission  Systems  and 
Crystal  Impedance  Meters  are  discussed  in  the  following 
paragraphs. 


TRANSMISSION  MEASUREMENT  SYSTEMS 

The  1  EC-444  Standard  defines  a  method  of  meas¬ 
uring  the  series  resonant  frequency  and  motional  param¬ 
eters  of  a  quartz  ci^stal  using  a  fr^uency  synthesizer  and 
a  vector  voltmeter.  A  block  diagram  of  this  system  is 
shown  in  Figure  3. 


^0 

n  X5  FR  2 


Where:  XS  =  Reactance  slope  (Ohms  /  Hz) 

Load  resonant  frequency  can  be  determined  with  a 
Transmission  System  using  three  distinct  methods  of 
measurements:  "Calculated",  "Measured",  and  "Physical 
Capacitor". 

Method  #  1  -  "Calculated"  Load  Frequency 

In  this  method  of  load  resonant  frequency  measure¬ 
ment,  the  load  frequency  is  directly  calculated  using 
Equation  (1).  The  standard  nveasurement  configuration 
shown  in  Figure  3  is  used  to  make  the  static  capacitance, 
series  resonant  frequency,  and  motional  capacitance 
measurements  required  to  calculate  the  load  resonant 
frequency.  The  series  resonant  frequency  and  motional 
parameters  are  determined  from  measurements  made  in 
the  vicinity  of  series  resonance. 


P I  NETWORK 


Figure  3 


The  circuit  stray  reactances  indicated  in  Figure  2 
have  minimal  impact  upon  the  measurement.  The  CY 
stray  term  is  shunted  out  by  the  14.2  ohm  terminating 
resistor  of  the  PI  Network.  The  CX  and  LS  terms  are 
determined  during  system  calibration  and  are  mathemati¬ 
cal  removed  from  the  crystal  measurements. 

The  resolution  of  the  "Calculated"  load  frequency 
measurement  depends  upon  the  crystal  being  measured. 
Typical  resolutions  are  from  0.5  ppm  to  3  ppm.  Fig¬ 
ure  4  shows  the  distribution  printout  of  500  measure¬ 
ments  of  a  single  crystal  measured  on  an  S&A  350A 
System.  The  frequency  spread  for  this  example  was  2.3 
ppm  with  a  standard  deviation  of  0.45  ppm. 

The  "Calculated"  technique  is  the  simplest  method  of 
accomplishing  load  resonant  frequency  measurements 
with  a  Transmission  System.  The  repeatability  and 
accuracy  of  the  series  resonant  frequency  and  motional 
parameters  are  not  affected  by  this  measurement  method. 
Typical  series  resonant  frequency  resolution  for  an  S&A 
350A  System  is  0.1  ppm  to  0.2  ppm. 
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Another  advantage  of  die  ‘Calculated*  method  is  dial 
no  additional  measurements  are  required  to  determine 
load  resonant  frequency.  The  total  measurement  time 
required  for  the  crystal  measurement  is  not  affected  by 
this  method. 

The  ‘Calculated*  method  of  measurement  can  result 
in  an  error  at  load  frequency  if  the  crystal  does  not 
follow  the  frequency  relationship  indicate  by  Equation 
(1).  The  accuracy  of  the  load  fi^uency  measurement  is 
also  affected  by  the  resolution  and  accuracy  of  the  static 
and  motional  capacitance  measurements. 

The  ‘Calculated*  method  of  measurement  can  be 
used  on  those  crystals  that  are  known  to  follow  the 
relationship  indicated  by  Equation  (1)  and  do  not  require 
the  measurement  resolution  offered  by  other  measurement 
techniques. 

Method  ttl  -  ‘Measured*  Load  Frequency 

This  measurement  method  first  measures  the  series 
resonant  frequency  and  motional  parameters  in  the  same 
manner  as  in  the  ‘Calculated*  method.  Using  that 
infonnahon  the  system  then  calculates  the  knd  frequency, 
sets  the  synthesizer  to  that  frequency,  and  makes  an 
impedance  measurement.  The  display^  load  frequency 
is  then  adjusted  linearly  based  upon  the  difference 
between  the  calculated  impedance  and  the  measured 
impedance. 


2  n  FL  CL 


Where:  Z  >=  Inqiedance  magnitude  (Ohms) 

Figure  5  shows  the  distribution  of  SOO  repeated 
measurements  of  the  same  crystal  used  for  the  measure¬ 
ments  of  Figure  4.  The  frequency  spread  for  this  crystal 
was  0.6  ppm  with  a  standard  deviation  of  0. 1  ppm.  The 
magnitude  of  the  impedance  of  this  measurement  was 
approximately  625  ohms. 


Figiue  5 

A  significant  advantage  of  the  ‘Measure’  method  is 
that  nonlinear  crystal  responses  that  would  invalidate  the 
frequency  relationship  defined  by  Equation  (1)  are 
included  in  the  measurement. 

This  measurement  method  requires  an  additional 
measurement  at  the  load  resonant  frequency.  For  an 
S&A  3S0A  system  this  extends  the  total  measurement 
time  per  crystal  from  a  typical  1.2  seconds  to  1.4  sec¬ 
onds. 

The  magnitude  of  the  impedance  defined  in  Equat¬ 
ion  (4)  limits  the  maximum  current  that  the  system  can 
provide  to  the  crystal.  The  crystal  is  a  current  sensitive 
device  and  should  be  tested  in  the  vicinity  of  the  speci¬ 
fied  (^leiating  power.  Typically  magnihidpx  of  impedance 
less  than  1000  ohms  can  be  measured  using  this  techni¬ 
que. 


The  ‘Measured*  load  frequency  technique  uses  the 
standard  PI  Network  of  Figure  3.  The  impact  of  the 
stray  terms  shown  in  Figure  2  is  the  same  as  described 
for  the  ‘Calculated*  method:  The  CY  stray  capacitance 
is  shunted  by  the  14.2  ohm  PI  Network  terminating 
resistor  and  the  CX  and  LS  terms  are  removed  mathe¬ 
matically. 

The  resolution  of  the  load  frequency  measurement  is 
a  function  of  the  impedance  measured  at  the  calculated 
load  fiequency.  As  the  inqiedance  becomes  large  (greater 
than  1000  ohms)  the  measurement  resolution  decreases. 
Equation  (4)  shows  an  approximate  relationship  of  im¬ 
pedance  magnitude  and  lo^  capacitance. 


Method  M  3  -  'Physical  Capacitor' 

An  alternate  method  of  measuring  load  frequency  is 
to  place  a  physical  capacitor  in  series  with  the  crystal. 
The  crystal  and  load  capacitor  combination  present  the 
measurement  system  with  a  'new'  crystal  with  a  differ¬ 
ent  resonant  frequency  and  different  motional  ftarameters. 
This  ‘new*  crystal  is  measured  in  the  same  manner  as 
described  for  the  'Calculated”  method.  The  frequency 
measured  is  the  load  frequency  of  the  crystal  at  that  value 
of  load  capacitance.  The  motional  parameters  measured 
correspond  to  the  "new"  crystal  and  must  be  mathemat¬ 
ically  corrected  to  obtain  the  correct  parameters  of  the 
crystal. 
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When  «  physical  capacitor  is  added  to  the  PI  Net¬ 
work,  the  junction  between  the  crystal  and  the  load 
capacitor  becomes  a  point  of  high  impedance.  Tbe  stray 
capacitance  at  this  junction,  indicated  in  Figure  2  as  CY, 
now  has  a  significant  impact  upon  the  measurements. 
The  total  load  capacitance  in  the  circuit  now  includes  the 
load  capacitor,  the  stray  to  ground  (CY),  and  the  pin  to 
pin  capacitance  (CX).  The  impact  of  these  stray  terms 
is  shown  by  the  following  equations. 


Coom  *  cyjCct-  *  gyp 
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(7) 

Where:  COm  =  Measured  CO  (pF) 

Clm  =  Measured  Cl  (pF) 

Rm  =  Measured  RR  (Ohms) 

These  equations  assume  that  the  crystal  cover  is  not 
grounded.  If  the  cover  is  grounded,  an  unknown  capacit¬ 
ance  from  the  crystal  electrode  to  the  cover  is  in  parallel 
with  the  CY  stray  term.  Since  this  capadtaace  is  indeter¬ 
minate,  the  equations  above  are  not  applicable. 

Tbe  CY  term  dqiends  upon  the  physical  layout  of  the 
test  socket  and  is  included  as  a  constant  in  the  measure¬ 
ment  software.  The  CX  and  LS  stray  terms  are  deter¬ 
mined  during  system  calibration. 

The  'Physical  Capacitor'  technique  results  in  very 
repeatable  load  frequency  measurements.  Typical 
resolution  of  load  frequency  measurements  is  from  0. 1 
ppm  to  0.2  ppm.  Figure  6  below  dxnvs  the  same  crystal 
of  Figure  4  measured  SOO  times  using  the  'Physical 
Capacitor'  method.  The  frequency  spread  indicated  is 
0.2  ppm  with  a  standard  deviation  of  0.03  ppnu 


Figure  6 

The  'Physical  Capacitor*  method  typically  can 
provide  the  specified  drive  current  into  the  crystal.  The 
crystal  is  in  resonance  with  the  physical  capacitor  and  the 


resulting  combination  presents  a  low  impedance  to  the  PI 
Network.  Non-linear  crystal  responses  at  the  load  reson¬ 
ant  frequency  are  also  directly  reflected  in  the  measure¬ 
ment. 

The  measured  parameters  are  not  as  accurate  with 
this  method  as  those  measured  without  a  physical  capac¬ 
itor  becaiisr.  of  die  required  mathematical  tra^ormadons. 
In  addition  any  variation  in  the  stray  CY  term  will  result 
in  a  measurement  error.  The  'Physical  Capacitor*  also 
requires  the  standard  PI  Network  to  be  modiSed  to  accept 
a  load  capacitor  in  series  with  the  crystal. 

The  series  resonant  frequency  and  trxrtional  parame¬ 
ters  could  be  measured  with  the  same  repeatability  of  the 
'Calculated*  rrsethod  by  replacing  the  load  capacitor  with 
a  short.  This  can  effectively  be  done  in  a  3S0A  System 
by  installing  an  additional  series  resonant  frequency  test 
port.  The  disadvantage  of  this  technique  is  that  the 
frequency  measurements  are  made  twice:  once  at  load 
resonance  and  once  at  series  resonance.  The  typical 
measurement  time  of  an  S&A  3S0A  system  using  the 
'Physical  Capacitor*  method  and  an  additional  series 
resonant  measurement  port  is  extended  from  1.2  seconds 
to  2.0  seconds. 

The  'Physical  Capacitor"  method  should  be  used 
when  the  greatest  repeatability  of  load  resonance  measure¬ 
ments  is  required.  This  method  is  also  appropriate  for 
those  crystals  that  require  a  higher  drive  current  than  the 
'Measured*  method  can  provide. 

Each  of  the  measurement  methods  of  load  resonant 
frequency  for  a  Transmission  System  has  unique  ad¬ 
vantages  and  disadvantages.  The  best  method  for  a 
particular  crystal  depends  upon  tbe  specific  testing 
requirements. 

Temperature  Testing  at  Load  Resonant  Frequency 

The  impact  of  temperature  on  a  crystals’s  frequency 
and  resistance  can  be  examined  using  the  measurement 
techniques  and  equipment  described  previously  along  with 
a  precision  temperature  test  chamber.  An  S&A  2200 
Terrqjciature  Test  System  using  the  S&A  350A  Transmis¬ 
sion  System  and  an  S&A  4220MR  Temperature  Chamber 
was  u^  to  measure  an  example  crystal.  A  crystal  was 
selected  that  does  ixX  follow  the  frequency  relationship  of 
Equation  (1).  The  measurements  made  on  this  crystal 
illustrate  the  differences  between  the  Transmission  System 
methods  of  measurement.  This  crystal  was  specially 
selected  for  this  example  and  represents  a  possible 
measurement  condition  but  not  a  typical  one. 

A  total  of  four  measurement  runs  were  made.  The 
first  run  was  at  series  resonant  frequency,  the  remaining 
three  runs  were  performed  at  load  resonant  frequency 
using  the  'Calculated',  'Measured',  and  'Physical 
Capacitor*  methods  of  measurement.  The  crystal  was 
measured  over  a  temperature  range  of  0  'C  to  60  'C. 

Figure  7  is  the  output  from  the  measurement  run 
made  at  series  resonant  frequency.  The  graph  shows 
frequency  and  resistance  information  as  a  function  of 
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temperature.  The  frequency  daU  is  first  curve  fit  to  a 
third  (or  fourth)  order  polynomial  function.  This  curve 
is  mcu  plotted  fJong  with  the  deviation  of  the  measured 
frequency  from  the  calculated  curve.  It  is  presented  in 
this  manner  so  that  any  nonlinear  characteristics  in  the 
crystal’s  response  can  be  easily  seen. 


Figure  7 

A  nonlinear  response  or  perturbation  in  frequency 
and  resistance  at  10  *C  is  evident  in  Figure  7.  This 
perturbation  is  due  to  a  coupled  mode  of  vibration  which 
invalidates  the  frequency  relationship  of  Equation  (1)  . 

Figure  8  shows  measurements  of  the  same  crystal  at 
a  load  capacitance  of  18  pF  using  the  “Calculated* 
method  of  measurement. 


The  coupled  mode  is  still  present  in  the  data  because 
the  measurements  made  using  the  "Calculated*  method 
are  at  series  resonance.  This  coupled  mode,  however, 
does  not  exist  at  the  load  resonant  frequency  specified. 
The  "Calculated*  method  results  in  the  perturbation  at 
series  resonance  being  displayed  inappropriately  at  the 
load  resonant  frequency. 

The  plot  of  the  crystal  using  the  "Measured"  method 
of  measurement  is  shown  in  Figure  9. 


Figure  9 

The  coupled  mode  is  no  longer  present  in  the  fre¬ 
quency  information  because  the  frequency  was  measured 
at  the  load  resonant  frequency  of  the  crystal.  The 
motional  parameters  are  stUl  meajsured  at  series  resonant 
frequency  as  indicated  by  the  presence  of  the  resistance 
perturbation. 

Figure  10  shows  the  measurements  made  using  the 
"Physical  Capacitor*  method  of  measurement. 


Figure  10 


Since  the  frequency  and  motional  parameter 
measurements  are  made  at  load  resonant  frequency,  the 
coupled  mode  at  series  resonant  frequency  has  no  effect 
on  the  displayed  data. 

As  these  figures  indicate,  the  presence  of  a  nonlinear 
crystal  response  at  the  load  resonant  frequency  can  be 
detected  using  the  "Measured"  or  "Physical  Capacitor" 
method  of  measurement.  These  two  methods  actually 
measure  the  crystal  at  the  qiecified  load  resonant  frequen¬ 
cy. 

In  comparing  Figures  7,  8,  9,  and  10  a  difference  in 
the  first  order  coefficient  of  the  curve  fit  between  the 
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series  resonant  measurements  and  the  load  resonant 
measurements  is  evident.  This  difference  is  due  to  the 
temperature  coefficient  of  the  piezoelectric  coupling 
factor.  We  have  observed  that  this  is  essentially  linear 
and  can  be  expressed  as  indicated  in  Equation  (8). 


<  =  CAOCL3 


AOCS3:) 


FR 

FL  -  FR 


(8) 


Where:  K  =  Piezoelectric  Coupling  Temperature 
Coefficient 

AO(L)  =  First  Order  Curve  Fit  Coefficient  at 
Load  Resonant  Frequency 

A0(S)  =  First  Order  Curve  Fit  Coefficient  at 
Series  Resonant  Frequency 

The  'Calculated*  method  shown  in  Figure  8  reflects 
a  fixed  piezoelectric  coupling  temperature  coefficient  used 
by  the  S&A  2200  system  of  220  ppm/'C. 

The  “Measured"  method  of  measurement  (Figure  9) 
resulted  in  a  temperature  coefficient  of  212  pprn/’C.  This 
value  is  technically  the  most  correct  for  this  crystal 
because  the  stray  capacitances  of  the  test  circuit  do  not 
impact  the  measurements. 

The  "Physical  Capacitor"  measurements  shown  in 
Figure  10  indicate  a  temperature  coefHcient  of 
180  ppm/°C.  This  value  is  affected  by  the  temperature 
coefficient  of  the  physical  capacitor  and  any  changes  in 
the  test  circuit  strays  as  a  function  of  temperature. 

These  small  differences  in  the  temperature  coefficient 
of  the  piezoelectric  coupling  factor  are  reflected  in  the 
graphs  of  the  third  order  frequency  curvefit.  The  worst 
case  measurement  error  due  to  these  differences  is  1  ppm 
at  55  °C. 

A  coupled  mode  as  indicated  in  Figure  7  has  a 
negative  coefficient  that  is  typically  in  the  range  of 
-5  ppm/°C  to  -25  ppm/°C.  As  shown  in  the  previous 
naragraphs,  the  presence  of  a  coupled  mode  can  be 
.  .ssed  or  incorrectly  indicated  if  the  test  is  not  performed 
at  ihe  specified  load  resonant  frequency.  The  "Measur¬ 
ed"  and  "Physical  Capacitor"  measurement  methods 
provide  the  capability  of  detecting  these  coupled  modes. 

The  "Physical  Capacitor*  method  can  be  used  even 
if  the  physical  capacitor  is  not  precisely  the  same  value 
as  the  specified  load  capacitor.  In  this  case  the  tempera¬ 
ture  test  range  can  be  extended  so  that  any  coupled  modes 
would  be  apparent.  For  example,  a  crystal  that  is  tested 
at  a  frequency  50  ppm  lower  than  the  specified  load 
frequency  should  be  tested  at  a  maximum  temperature  of 
at  least  10  °C  (  -50/-5  )  greater  than  that  specified.  A 
crystal  that  is  tested  at  a  frequency  SO  ppm  more  than 
the  specified  load  frequency  should  be  tested  at  a  mini¬ 
mum  temperature  that  is  10  °C  less  than  that  specified 


CRYSTAL  IMPEDANCE  METERS 

A  Crystal  Impedance  (Cl)  Meter  is  specifically 
designed  for  measuring  the  electrical  parameters  of  a 
quartz  crystal.  These  instruments  contain  a  tuned  osc¬ 
illator  circuit,  frequency  counter,  and  a  capacitance 
meter.  A  block  diagram  of  a  Cl  Meter  is  shown  in 
Figure  11. 


Figure  1 1 

In  order  to  measure  a  crystal,  the  tuned  circuit  is 
setup  near  the  frequency  of  interest.  The  crystal  is  then 
inserted  into  the  test  socket.  The  Cl  Meter  first  meas¬ 
ures  the  static  capacitance,  resistance,  and  series  resonant 
frequency  of  the  crystal.  A  known  load  capacitance  is 
then  switched  in  the  circuit  and  a  load  resonant  frequency 
is  measured.  The  motional  capacitance  is  then  calculated 
using  Equation  (1).  If  the  specified  load  capacitance  is 
different  than  the  known  capacitance,  the  load  resonant 
frequency  is  calculated  using  the  measured  motional 
capacitance  and  Equation  (1). 

The  effects  of  the  stray  lead  inductance  (LS),  shown 
in  Figure  2,  is  minimized  by  tuning  the  oscillator's  tank 
circuit  with  a  resistor  of  approximately  the  same  resis¬ 
tance  as  the  crystal.  This  results  in  approximately  zero 
phase  shift  across  the  test  socket.  If  the  value  of  the 
stray  lead  inductance  is  known,  the  frequency  measure¬ 
ments  can  also  be  mathematically  corrected  using  Equa¬ 
tion  (2).  The  stray  capacitance  terms  (CY,  CX)  are 
induct  in  the  measurement  of  the  known  load  capacitor. 

A  crystal  was  measured  500  times  using  an  S&A 
150D  Cl  Meter.  Figure  12  shows  the  distribution  of  these 
measurements.  From  this  information  the  frequency 
spread  for  this  example  was  0.6  ppm  with  a  standard 
deviation  of  0. 1  ppm. 
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A  typical  Crystal  Impedance  Meter  has  an  upper 
frequency  limit  of  60  Mhz.  This  limit  is  usually  inconse¬ 
quential  for  load  resonant  measurements,  but  can  be  a 
significant  performance  limit  for  high  frequency  overtone 
crystals  us^  at  series  resonance. 
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Figure  12 

The  significant  advantage  of  Crystal  Impedance 
Meters  is  their  cost.  Several  Crystal  Impedance  Meters 
can  be  purchased  for  the  price  of  a  single  Transmission 
System. 


Temperature  Testing  at  Load  Resonant  Frequency 


tion  (1).  This  technique  can  result  in  an  error  in  the 
displayed  data  if  a  coupled  mode  is  present.  A  coupled 
mode  is  not  common  in  a  crystal  but  should  be  con¬ 
sidered  if  there  are  significant  correlation  errors  between 
the  SSlA  2150  System  and  other  methods  of  measure¬ 
ment. 


LOAD  RESONANT  FREQUENCY 
MEASUREMENT  CORRELATION 

The  ability  of  a  measurement  system  to  determine  the 
load  resoiunt  frequency  is  a  fimction  of  the  crystal  and 
the  specified  load  capacitance.  For  example,  a  12  MHz 
crystid  with  a  frequency  specification  of  +1-  10  ppm  is 
more  difficult  to  measure  at  a  load  capacitance  of  18  pF 
than  at  30  pF.  A  better  method  of  specification  is  to 
specify  the  frequency  as  absolute  and  allow  a  tolerance 
on  the  load  capacitance.  The  specification  for  the  12  MHz 
part  could  be  given  as  12  MHz  at  18  pF  +/-  0.5  pF.  The 
specification  on  load  capacitance  can  be  converted  to  a 
frequency  tolerance  by  multiplying  by  the  trim  sensitivity 
of  die  crystal  at  that  value  of  load  capacitance.  The  trim 
sensitivity  is  defined  as  derivative  of  the  load  frequency 
with  respect  to  load  capacitance.  Equation  (9)  can  be  used 
to  calculate  this  value  from  the  other  crystal  parameters. 


An  S&A  2150  Temperature  Test  System  was  used  to 
measure  the  frequency  and  resistance  deviation  of  an 
example  crystal.  The  S&A  2150  system  uses  an  S&A 
150D  Crystal  Impedance  Meter  and  an  S&A  4220MR 
tenqjerature  test  chamber.  Figure  13  shows  the  measure¬ 
ments  of  the  example  crystal  over  a  tenqrerature  range  of 
0  *C  to  60  ‘C. 


The  S&A  2150  uses  a  fixed  piezoelectric  coupling 
factor  temperature  coefficient  of  220  ppm/*C.  This  is 
the  same  correction  as  described  for  the  'Calculated* 
Transmission  System  measurement  method. 

The  S&A  2150  system  measures  the  fit  '^^lal  txuame- 
ters  of  the  crystal  at  the  first  temperature  po^a..  Subse¬ 
quent  measurements  are  made  at  series  resonance  and 
then  converted  to  load  resonance  frequency  using  Equa¬ 


500D0D  C1 

CCO  -H 


(9) 


Where;  TS  =  Trim  Sensitivity  (ppm/pF) 

For  the  12  MHz  crystal  example,  the  trim  sensitivity 
was  20  ppm/pF.  This  means  the  +/-  0.5  pF  specifica¬ 
tion  on  the  load  capacitance  would  be  mathematically 
equivalent  to  tolerance  of  +/-  10  ppm  on  the  load 
frequency.  However,  it  is  easier  to  explain  to  a  crystal 
user  how  small  0.5  pF  is,  than  to  explain  a  frequency 
variation  of  10  ppm. 

Ten  crystals  of  various  load  resonant  frequencies 
were  measured  using  two  different  Crystal  Impedance 
Meters  and  the  three  methods  of  Transmission  System 
measurement.  The  temperature  of  the  crystals  was 
controlled  during  these  measurements  at  25.0  °C  with  an 
S&A  4220MR  temperature  chamber. 

The  first  Cl  Meter  used  to  make  these  measurements 
was  an  S&A  150C.  The  S&A  150C  requires  a  setup 
resistor  for  each  crystal.  A  variable  load  capacitor  must 
also  be  adjusted  to  the  value  required  for  the  crystal  to  be 
tested,  llie  load  resonant  frequency  is  determined  by 
switching  in  the  load  capacitor  and  reading  the  resulting 
frequency. 

The  second  Cl  Meter  used  for  these  measurements 
was  an  S&A  150D.  this  Cl  Meter  uses  a  fixed  internal 
resistor  to  setup  the  tuned  circuit.  The  frequency  meas¬ 
urements  are  mathematically  corrected  for  the  stray  lead 
inductance  (LS)  as  indicated  by  Equation  (2).  The  load 
resonant  measurement  uses  a  fixed  load  capacitor  of 
28  pF.  The  load  fiequency  at  a  different  load  capacitance 
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is  calculated  using  Equation  (1). 

An  S&A  3S0A  Transmission  System  was  used  to 
measure  these  crystals  with  the  'Calculated*. 
'Measured*,  and  'Physical  Capacitor*  methods  of 
measurement. 

The  crystals  measured  were  all  fimdamental  mode 
crystals.  TIk  load  capacitor  specification  varied  from 
32  pF  for  the  1  MHz  crystal  to  IS  pF  for  the  30  MHz 
crystal.  The  measurements  for  these  crystals  are  listed  in 
Table  1. 


CL 

TS 

1500 

150C 

350A-C  350A-N  350A-P 

1 

32 

3.3 

999907 

1.0 

1.0 

3.0 

-1.0 

2 

30 

3.0 

4193759 

2.1 

0.7 

0.0 

-1.0 

3 

30 

4.5 

5002841 

3.6 

-0.2 

-0.6 

-1.0 

4 

22 

13.3 

10000039 

2.4 

2.7 

-4.6 

-3.1 

5 

20 

12.1 

12799385 

2.4 

0.0 

-0.2 

-1.6 

6 

20 

19.4 

15257437 

1.5 

5.0 

0.7 

-4.1 

7 

15 

27.2 

18296994 

2.1 

7.8 

0.8 

-6.7 

8 

15 

22.5 

20009678 

0.7 

2.8 

1.3 

-2.8 

9 

15 

26.6 

21346530 

2.1 

4.6 

-2.6 

-5.3 

10 

15 

24.8 

30137215 

-0.5 

7.7 

-4.1 

4.2 

Cover  Grounded  Cover  Ungrounded 

Figure  14 

Where;  Cl,  C2  =  Capacitance  between  Crystal 
Electrodes  and  Ground  (pF) 

C3  =  Capacitance  from  Crystal  Cover  to 
Ground  (pF) 

The  impact  on  the  static  capacitance  measured  in  a 
Crystal  Inqredance  Meter  is  shown  by  Equations  (10)  and 
(11)  below. 

Grounded  Cover; 

CO  C measured:)  =  CO  +  C1  (lO) 


Table  1 


Ungrounded  Cover; 


The  worst  case  difference  was  7.8  ppm  for  crys¬ 
tal  m  using  the  'Calculated*  method  of  measurement. 
This  crystal  has  a  trim  sensitivity  of  27.2  ppm/pF.  The 
7.8  ppm  difference  corresponds  to  a  load  capacitance 
error  of  only  0.3  pF. 

The  correlation  of  measurements  between  instru¬ 
ments  is  impacted  by  many  factors.  The  following 
paragraphs  discuss  some  of  these  factors  and  how  they 
affect  the  measurement  methods  previously  described. 

Crystal  Drive  Level 

It  is  important  to  remember  that  the  crystal  is  a 
current  sensitive  device.  Crystal  measurements  should 
be  performed  at  the  qiecified  operating  power  level.  We 
recommend  that  a  crystal  be  tested  at  a  drive  level  of 
SOO  microwatts  or  less.  Higher  power  levels  can  cause 
the  crystal  to  become  nonlinear  This  nonlinearity 
results  in  errors  in  the  frequency  measurement  of  the 
crystal.  The  current  trend  in  the  industry  is  to  specify 
even  lower  power  levels  than  500  microwatts  as  older 
specifications  are  rewritten  to  reflect  current  crystal 
products. 

Crystal  Cover  Connection 

The  manner  in  which  the  crystal  cover  is  connected 
will  impact  the  load  resonant  measurement The 
crystal  is  actually  a  three  terminal  device  as  shown  in 
Figure  14. 


C1CC2  ♦  can 

CO  ci^asured;)  =  CO  ♦  - 

CCt  C2  »  C33 

IF  C1  =  C2  AND  2C1  »  C3  THEN 

CO  CMEASURED5  =  CO  0 . 5  C1 

Normally  the  stray  capacitances  (Cl,  C2)  from  the 
crystal  electives  to  the  crystal  cover  are  approximately 
the  same  value.  Twice  this  capacitance  value  is  usually 
much  greater  than  C3  capacitance  term.  These  approx¬ 
imations  allow  the  equation  for  the  ungrounded  condition 
to  be  simplified  to  that  shown  in  Equation  (I  I). 

Equadoas  (12)  and  (13)  show  the  inqiact  of  the  cover 
connection  on  the  static  capacitance  measurement  made  in 
a  Transmission  System. 

Grounded  Cover; 


CO  CMEASURED)  =  CO 


(12) 


Ungrounded  Cover; 


C-l  C2 

CO  CMEASUREDD  =  CO  +  - 

CC1  -  C2  -  C33 

IF  C1  »  C2  AND  2C1  »  C3  THEN 


CO  CMEASUHED:)  =  CO  *  0.5  Cl 


(13) 
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These  equations  are  different  from  Equations  (10) 
and  (11)  derived  for  the  Cl  Meter.  The  difTereooe  in  sta¬ 
tic  capacitance  measurements  between  a  Crystal  Im¬ 
pedance  Meter  and  a  Transmission  System  is  shown  by 
Equations  (14)  and  (IS). 

Grounded  Cover: 

GO  CCIMETER  -  TRANSMISSION  SrSTS<0  •= 


Ungrounded  Coven 

OO  CCI  METER  -  TRANSMISSION  STSTOO  •= 

C1  C3  (15) 

CCI  ♦  C2  ♦  C3:3 


the  q>urious  ieq>onses  is  shown  in  Figure  IS. 

OO 


These  ciq>acitance  terms  for  Crystal  #10  of  Table  1 
were  measured  as:  Cl  =  1.08  pF,  C2  =  1.08  pF,  and 
C3  =  0.3  pF.  Using  these  values,  the  correlation 
difference  between  a  Transmission  System  and  a  Cl 
Meter  is  1.08  pF  if  the  cover  is  ground^.  The  1.08  pF 
can  be  converted  to  a  correlation  difference  in  load 
resonant  frequency  by  multiplying  by  the  trim  sensitivity 
of  the  crystal.  The  trim  sensitivity  for  Crystal  #10  is 
24.8  ppm/pF  at  IS  pF  of  load  capacitance.  The  1.08  pF 
difference,  therefore,  corresponds  to  a  load  resonant 
frequency  difference  of  26.8  ppm. 


Where:  SC1,SL1,SR1  =  Capacitance,  Inductance  and 
Resistance  of  the  first  furious 
SCN,SLN',SRN  =  Oq>acitance,  Inductance  and 
Resistance  of  the  N’th  furious 

Figure  IS 

The  impact  of  a  spurious  frequency  on  the  load 
frequency  measurement  made  with  the  ‘Calculated* 
method  can  be  approximated  as  a  capacitance  error. 

This  offset  can  Ik  calculated  using  ^nation  (16). 


The  ungrounded  cover  correlation  difference  defined 
by  Equation  (IS)  is  only  0.13  pF  (3.2  ppm).  As  this 
example  illustrates,  the  load  frequency  correlation 
between  Crystal  Impedance  Meters  and  Transmission 
Systems  is  l^ter  if  the  measurements  are  made  with  the 
crystal  cover  ungrounded. 


Coupled  Modes 


A  coupled  mode  of  vibration  is  caused  by  a  different 
vibrating  mode  of  the  crystal  coupling  into  the  standard 
mode  of  vibration.  These  coupl^  modes  are  normally 
suppressed  by  the  design  of  the  crystal  and  are  not  com¬ 
monly  present  in  production  crystals.  The  presence  of  a 
coupled  mode  in  the  frequency  region  bounded  by  the 
series  resonant  frequency  of  the  crystal  and  the  specified 
load  resonant  frequency  can  have  a  pronounced  effect  on 
the  load  resonant  measurement.  This  effect  was  ex¬ 
amined  in  previous  paragraphs. 


The  crystal  model  shown  in  Figure  1  assumes  a 
perfectly  linear  device.  Unfortunately  this  approximation 
is  not  always  a  good  one.  A  real  crystal  has  several 
spurious  frequencies  that  are  greater  in  frequency  but 
usually  much  less  in  activity  than  the  load  resonant 
frequency.  If  these  spurious  fluencies  are  close  to  the 
crystal  resonance  and  relatively  large  in  activity  they  can 
have  an  effect  on  load  resonant  measurements  made  with 
the  ‘Calculated*  Transmission  System  measurement 
method.  A  modified  crystal  equivdent  circuit  including 


SCI  FB  SCN  FR 

_2  CSF1  -  FHD****^  2  CSFN  -  FR3  (16) 


Where:  CE  =  Capacitance  Error  (pF) 

SFl  =  Spurious  Frequency  #1  (Hz) 

SFN  =  Spurious  Frequency  #N  (Hz) 

An  example  crystal  was  selected  to  illustrate  the 
impact  of  qninous  ficequeocies.  The  activity  response  of 
this  crystal  is  shown  in  Figure  16. 


Figure  16 
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This  graph  shows  the  attenuation  of  the  crystal  in 
decibels  as  a  function  of  frequency.  The  phase  shift 
across  the  crystal  is  also  displayed. 

The  frequency  marked  jl'l  is  the  series  resonant 
frequency  of  the  crystal.  The  frequencies  indicated  by  ttl 
and  #3  are  the  spurious  frequencies  whose  impact  on  the 
'Calculated*  load  resonant  frequency  will  be  determined. 

The  motional  parameters  of  each  frequency  were 
measured  using  a  S&A  3S0A  system.  This  information 
is  contained  in  Table  12. 


FREQUENCY 

Cl 

RR  CO 

CL 

TS 

1 

20000202 

25.2 

6.5  6.5 

20 

18 

2 

20091511 

2.6 

35.5 

3 

20142364 

4.4 

27.3 

Table  12 


Using  Equation  (16),  the  impact  of  the  two  spurious 
frequencies  on  the  'Calculated*  load  frequency  measure¬ 
ment  is  0.58  pF.  This  corresponds  to  a  frequency  differ¬ 
ence  of  10.4  ppm  between  the  'Calculated*  technique  and 
the  'Measured*,  'Physical  Capacitor*  or  Crystal  Im¬ 
pedance  measurements. 

The  example  crystal  was  selected  because  of  its  large 
spurious  responses  and  large  trim  sensitivity.  The  impact 
of  typical  production  cryst^s  due  to  the  furious  frequen¬ 
cies  is  usually  minimal. 


CONCLUSIONS 

Transmission  Systems  and  Crystal  Impedance  Meters 
can  be  used  to  measure  the  load  resonant  frequency  of  a 
quartz  crystal.  The  interpretation  of  this  measurement 
requires  an  understanding  of  the  measurement  method  and 
the  characteristics  of  the  crystal. 

The  specification  of  load  resonant  frequency  is  better 
represented  as  a  tolerance  specified  on  load  capacitance. 
The  load  capacitance  specification  reflects  the  impact  of 
the  crystal  and  the  specified  load  capacitance  on  the 
sensitivity  of  the  load  resonant  measurement. 

Crystal  Impedance  Meters  provide  a  cost  effective 
method  of  measuring  load  resonant  frequency.  The  Cl 
Meter  uses  a  physical  capacitor  to  make  the  load  reson¬ 
ant  measurement.  If  the  specified  load  capacitance  is 
different  than  the  physical  capacitor,  a  mathematical 
correction  can  be  done  to  obtain  the  desired  load  frequ¬ 
ency. 

Transmission  Systems  can  measure  the  load  resonant 
frequency  using  three  distinct  methods;  'Calculated*, 
'Measur^*,  and  'Physical  Capacitor*. 

The  'Calculated*  method  measures  the  crystal  at 
series  resonant  frequency  and  mathematically  calculates 
load  resonant  frequency.  This  method  can  be  used  if  the 
response  of  the  crystal  is  well  known  or  precise  measure¬ 


ments  are  not  required.  The  'Calculated*  method  is 
susceptible  to  load  frequency  errors  due  to  nonlinear 
crystal  responses. 

The  'Measured*  method  first  measures  the  crystal  m 
the  same  maimer  as  the  'Calculated*  method  then  makes 
a  correctioo  based  upon  an  impedaiKe  measurement  at  the 
calculated  load  resonant  frequency.  The  'Measured 
method  works  best  for  those  crystals  with  a  load  resonant 
impedance  less  than  1000  ohms.  The  measurements 
made  include  the  impact  of  any  nonlinear  crystal  re¬ 
sponses. 

The  'Physical  Capacitor*  technique  uses  an  actual 
capacitor  inserted  in  the  PI  Network  to  make  the  load 
resonant  measurement.  This  method  provides  a  better 
resolution  of  load  frequency  measurement  than  the 
'Measured*  and  'Calculated*  methods.  The  'Physical 
Capacitor*  method  also  does  not  limit  the  drive  current 
av^able  to  the  crystal.  The  motional  paran^rs  must  be 
mathematically  corrected  for  the  stray  capacitances  of  the 
test  socket.  The  value  of  these  strays  must  be  well 
known  and  constant  in  order  to  make  accurate  measure¬ 
ments. 

The  crystal  spurious  responses  can  impact  the  load 
resonant  measurement  made  on  a  Transmission  System 
using  the  'Calculated*  method.  In  the  example  present¬ 
ed,  the  'Calculated*  method  resulting  in  a  load  frequency 
error  of  0.58  pF  (  10.4  ppm)  when  compared  to  the 
measurements  made  with  other  methods. 
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ABSTRACT 

This  p^er  presents  an  overview  of  the  physical 
properties  of  thin  film  resonators,  composite  reso¬ 
nators  using  piezoelectric  thin  films,  and  filters 
employing  coupled  resonators. 

There  are  both  similarities  and  substantial  differences 
between  thin  film  resonators  and  conventional  single¬ 
crystal  resonators  used  at  low  frequencies.  For  most 
applications  the  thin  film  resonator  is  fabricated  with 
lateral  dimensions  in  excess  of  50  to  100  times  the 
thickness  and  as  such  can  be  considered  a  one 
dimensional  device  for  the  purposes  of  wave  propa¬ 
gation  and  circuit  modeling.  In  addition,  composite 
resonators  consisting  of  piezoelectric  films  supported 
by  membranes  or  bulk  substrates  form  an  important 
part  of  the  thin  film  resonator  technology.  This  paper 
will  dwell  somewhat  on  the  composite  resonator 
because  properties  will  not  be  familiar  to  most  readers 
and  because  of  its  potential  for  many  applications. 

1.0  INTRODUCTION 

The  basic  resonator  cross-sections  are  illustrated  in 
Fig.  1.  The  dimensional  contrast  between  low  fre¬ 
quency  resonators  and  thin  film  resonators  is  shown 
approximately  to  scale  in  Fig.  1  b.  For  filter  applications 
thin  film  resonators  are  fabricated  with  diameter-to- 
thickness  ratios  in  excess  of  50:1  as  required  [1]. 
Although  low  frequency  resonators  can  be  fabricated 
with  large  diameter-to-thickness  ratios  the  resulting 
absolute  size  is  impractical  for  most  applications.  TFR 
resonators  can  be  fabricated  with  smaller  resonator 
areas  in  order  to  raise  the  electrical  impedance  of  the 
resonator.  However,  parasitic  capacitance  effects  in 
electrode  interconnects  leading  to  the  resonator  could 
dominate  actual  resonator  operation.  An  AIN  resonator 
with  50  ohms  reactance  at  1  GHz,  from  the  geometric 
capacitance,  is  approximately  400  micrometers 
square.  A  corresponding  10  MHz  quartz  resonator 
would  be  nearly  400  mm  in  diameter. 

The  smaller  diameter-to-thickness  ratio  of  LF  reso¬ 
nators  requires  careful  design  to  manage  trapped 
energy  modes  in  order  to  increase  Q  and  minimize 
parasitic  resonances.  This  is  less  of  a  problem  in  TFR 
devices  designed  for  lower  impedances  because  the 
area  of  the  electrode  is  made  larger  to  lower  the 
electrical  impedance.  Over  a  large  area  the  spatially 
periodic  plate  wave  displacement  currents  sum  to  a 
small  value  compared  to  the  primary  thickness  reso¬ 
nance.  The  effect  is  illustrated  qualitatively  in  Fig.  2. 


DIELECTRIC 
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i  1 
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Fig.  1  Basic  resonator  configuration,  a)  Piezoelectric 
resonator,  b)  illustration  of  diameter-to-thickness 
ratios  in  low  frequency  (LF)  and  thin  film  resonators 
(TTR),  c)  electrode  edge  emphasizing  finite  electrode 
thicknesses  employed  at  microwave  frequencies. 


Plate  waves  are  generated  at  the  edge  of  the  electrodes 
where  there  is  a  large  gradient  in  force  in  the  transverse 
direction.  Plate  waves  generated  at  the  electrode  edge 
propagate  in  the  plate  and  produce  a  normal  dis¬ 
placement  current  that  is  summed  by  the  electrode 
area.  The  transverse  periodic  variations  of 
displacement  current  from  the  plate  waves  is  averaged 
to  a  relatively  small  value  by  large  electrodes.  In 
contrast,  the  uniform  displacement  current  of  the  pri¬ 
mary  thickness  mode  increases  in  total  current  with 
electrode  area.  The  effect  of  the  plate  waves  is 
therefore  diminished  by  large  diameter-to-thickness 
ratios. 
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Plate  waves  can  appear  as  significant  parasitic  effects 
if  the  waves  are  trapped  within  the  electroded  region 
or  by  the  edge  support  for  the  thin  film.  A  stacked 
crystal  filter  having  pass  ripple  due  to  plate  waves  is 
shown  in  Fig.  3  as  an  example. 


Plate 
Generation-^' 
Region 


Fig.  2  Illustration  of  averaging  effect  of  electrode 
integration  on  the  displacement  currents.  The  plate 
waves  have  a  periodic  variation  in  the  transverse 
direction  that  is  averaged  to  a  small  value  whereas 
the  thickness  mode  displacement  current  sums  to  a 
larger  current  without  cancellation. 


RELATIVE  FREQUENCY.  MHz 

Fig.  3  Insertion  loss  response  of  a  two-pole  stacked 
crystal  filter  showing  ripple  in  the  passband  due  to 
plate  wave  effects.  The  center  frequency  of  the  fitter 
IS  near  1  GHz  and  the  multi-layer  AIN  film  is  approxi¬ 
mately  10  micrometers  thick  and  400  micrometers 
square.  Two  single  section  devices  are  connected  in 
series  to  obtain  the  two-pole  response. 


Another  manifestation  of  large  area  electrodes  is  to 
minimize  shape  effects.  Very  good  filters  have  been 
synthesized  with  resonators  having  square  electrodes 
rather  than  circular  electrodes  common  to  low  fre¬ 
quency  resonators.  The  circular  electrodes  have  an 
advantage  in  a  smaller  edge  length  for  a  given  area 
than  the  square  electrodes.  Clearly  square  or  rectan¬ 
gular  electrodes  offer  advantages  in  packing  density 
and  pattern  generation. 

The  most  significant  difference  between  TFR  and 
conventional  low  frequency  resonators  is  in  the  method 
of  fabrication.  Since  in  TFR  the  piezoelectric  materials 
are  grown  in  film  form  there  is  the  possibility  of 
combining  materials  into  composite  structures  [2,3]. 
The  acoustic  properties  of  composite  resonators  are 
somewhat  more  complex  because  of  the  variety  of 
modes  supported  by  either  film  or  substrate.  The 
technological  goal  in  composite  resonators  is  to 
combine  positive  features  of  both  film  and  substrate. 
The  advantage  of  the  film  piezoelectric  materials  is 
good  coupling  coefficient  ease  of  fabrication.  Single 
crystal  substrates  offer  low  acoustic  loss  and,  in  some 
cases,  temperature  compensation.  A  summary  of 
general  material  properties  is  shown  in  Table  I 

TABLE  I 

Summary  of  material  properties  for  TFR  and  composite 
resonators. 


MATERIA 

K2, 

V,  105 

TCO), 

REMARKS 

L 

% 

cm/se 

ppm/“ 

c 

C 

AIN 

6.5-7 

11.4 

-26 

c-axis 

AIN 

4.5 

6.33 

-26 

in-plane 

ZnO 

7.8 

6.37 

-59 

c-axis 

ZnO 

6.3 

2.83 

in-plane 

LiNbOs 

27.4 

4.46 

High 

Y-cut,  Quasi-shear 

LiNbOa 

13.3 

7.32 

High 

36°  Rot.  Y-cut,  Long. 

UTaOa 

14.1 

4.14 

Low 

X-cut  Quasi-shear 

Quartz 

0.77 

3.32 

0 

AT-cut 

The  film  materials,  ZnO  and  AIN,  allow  high  frequency 
resonator  fabrication  whereas  the  single  crystal 
piezoelectrics  are  more  suited  for  lower  frequency 
applications  or  as  substrates.  Other  substrates  for 
composite  devices  are  Si,  GaAs,  sapphire,  and  a 
number  of  single  crystal  ceramics. 

2.0  COMPOSITE  RESONATOR  ANALYSIS 

The  general  analysis  problem  of  composite  resonators 
is  in  determining  effective  piezoelectric  coupling  coef¬ 
ficient  and  mode  structure.  The  lack  of  precision  in  the 
crystallographic  orientation  of  thin  films,  as  compared 
to  plates  cut  from  bulk  single  crystals,  can  lead  to 
multi-mode  generation  in  composite  or  single  plate 
resonators.  A  general  analysis  of  the  quasi-mode 
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resonators  was  completed  and  is  summarized  below. 
The  analysis  is  for  the  geometry  shown  in  Fig.  4  having 
a  piezoelectric  film  on  a  general  substrate. 


ilectric  film  on  a  general  substrate. 

QUASI-MODE  RESONATORS  ON 
DOUBLY  ROTATED  CUTS 


PLATE  NORMAL 


g  dUt  (3) 

_  du^  „  a(p  (4) 

where  time  harmonic  and  quasi-electrostatic  condi¬ 
tions  have  been  assumed.  Further  restrictions  are 
made  to  the  one  dimensional  plane  wave  case, 

o  /U./  /**!  (5) 

u,  =  P^e  e  '  ' 

Potential  (p  is  eliminated  as  an  explicit  vari2tble  by 
solving  (2)  using  (4)  to  obtain, 

eii  (6) 

=  — u,(x)+  — U2(x-) 


0  I  2 

+  +  ax  +  b 

€  1 1 

where  a  and  b  are  constants  to  be  determined  by 
boundary  conditions.  In  an  unbounded  region  the 
coefficients  a  and  6  must  be  zero. 

The  result  of  using  (6)  and  (7)  in  (1-4)  is  a  set  of 
Christoffel  equations  for  propagation  in  the  *Xi 
direction, 

<[r.j-x[i]>[pj  =  o  (7) 


Fig.  4  Material  configuration  for  resonator  analysis. 
The  film  and  substrate  are  of  arbitrary  orientation, 
show  here  as  doubly  rotated  cuts.  Complex  plane- 
wave  modes  may  be  generated  in  substrate  and  film 
depending  on  the  orientations. _ 

The  purpose  of  this  analysis  task  was  to  derive  concise 
equations  for  quasi-mode  resonator  analysis  that  could 
be  readily  programmed  in  FORTRAN  as  a  series  of 
subroutines  for  use  in  two-port  network  cascading 
similar  to  that  used  in  simple  pure  mode  resonator 
analysis  using  Mason  models.  Once  a  resonant  mode 
is  identified  and  given  equivalent  pure  mode  parame¬ 
ters,  then  the  computationally  more  efficient  pure  mode 
analysis  program  can  be  used  for  device  design. 

The  theory  for  the  quasi-mode  resonator  is  developed 
from  the  fundamental  equations  of  linear  piezoelectric 
elasticity, 

dT.,  3  (1) 

—  =  -pu>  u, 


where  X  =  p  K  is  the  propagation  velocity  and. 


C  1  I  C  16  C  ,5 


[f]  -  C  16  Cjg  Cj 


C,5  C 


56  ^55 


^11  “^11 

C|6“^I6'*'®II®167E|, 

C 15  *  C  ,5  -*■  e  1 1  e  ,5  /e , , 

^66”  ^66‘’’®16®I67Ei| 

^56  ~  C56''’®I5®167C|| 

Cs5“  C55‘‘'e,5e,5/€,, 

Ail  material  constants  are  referred  to  the  wave  coordi¬ 
nate  system  for  propagation  in  the  x ,  direction  as 
illustrated  in  Fig.  2  for  a  doubly  rotated  crystal  and 
attached  piezoelectric  film. 

As  is  well  known,  the  homogeneous  set  of  equations 
(7^  leads  to  the  requirement  that 


det{[r,  J-\[1]}  =  0 
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The  resulting  third  order  polynomial  in  \  has  roots  m 
that  define  three  modes  of  propagation  and  associated 
eigenvectors  from 


{[r,J-\''">[l]}[p''"']=0  m=  1.2,3 

The  general  solution  is  a  linear  combination  of  three 
possible  solutions,  one  for  each  mode,  for  each 
direction  of  propagation. 


m  “  I  m  *  1 


where  p  i'"  ’  are  found  from  (7b)  ond  A  ’  are  constants 
to  be  found  from  the  boundary  conditions. 

For  completeness  and  later  use,  the  electric  dis¬ 
placement  current  in  the  x ,  direction  is  obtained  from 
(4)  and  (6)  as. 


[niT". ,]=[/]  = 


7  , 
7' 6 
T, 


By  expanding  (3)  and  using  the  definition  for  particle 
velocity  it  can  be  shown  that  force  is  given  by, 


[/(x,)]-[/7][e‘'“‘](,>!.J-[/y)(e''“][.^.]  -  [e]a 

where  [//]  =  [  Z  ][  p  ]  and  the  multi-mode  mechanical 
impedance  is  defined  by  a  3x3  matrix. 


[Z]  =  [-i>]-'[/]  =  [r]ip][T']‘[p] 

and. 


[F]  = 


Vi 

0 

0 


0 

0 


0 

0 


3  J 


D,  =-e 


s 
1 1 


a 


For  purposes  of  solvina  one  dimensional  boundary 
value  problems  it  is  useful  to  use  particle  velocity  and 
traction  forces  as  the  system  variables  and  then  to 
reduce  the  complexity  of  the  algebra  and  notation  by 
using  matrix  techniques. 

The  variables  can  now  be  put  in  matrix  notation.  First 
for  particle  velocity. 


[-K-v,)]  =  [p][G'‘*'][/l.j  +  [p][e'^'’‘‘][/l-] 

Here  [  p  ]  is  a  3x3  matrix  for  p  ^  whose  rows  are  indexed 

by  k  and  columns  by  mand  [  /I  i"* '  ]  are  similarly  defined 

column  vectors.  The  phase  of  the  three  modes  is 
represented  by  the  matrix. 


e 


[e 


*  /kx 


]  = 


0 


0 


0 

0 


0 

0 


The  multi-mode  piezoelectric  plate  having  electrodes 
is  a  boundary  value  problem  well  suited  to  the  matrix 
approach.  For  the  derivation  of  the  electrical 
impedance  of  the  parallel  plate  transducer  it  was 
convenient  to  give  the  plate  a  symmetric  characteristic 
with  particle  velocities  outward  and  evaluate  phase  at 
points  equidistant  from  the  center.  The  boundary 
conditions  are  described  by  mechanical  impedances 
at  each  mechanical  port  and  an  applied  voltage  at  the 
electrical  port.  Thus  tt  le  problem  is  to  find  the  electrical 
current  under  these  conditions.  From  the  above 
equations  the  port  equations  are  found, 

[/(h)]  =  [W][G-'*][^.]  -  [W][G-'*][^.)  +  rc]a 

[/(-h)]-[W][G''*][/l.]  -  [W)[G''*](/1.]  *  [6]a 

[-^(-h)]  =  [p][G-'»][/l.]  ^  [P][g'*][.^.] 

fel’’ 

(p(h)=  ^  S  [-t;(h)]^ah^b 

-ycoe,, 

(p(-h)  =  -^^L[-^(-h)]-ah  +  b 
-ycuef, 


The  electrostatic  potential  ip  in  matrix  notation  is. 


The  boundary  conditions  are. 


■/cAJef, 


[-ty(X|)]-ax,-^6  . 


K  =  «p(/i)-q)(-h) 
[/(/i)]  =  [ZJ[-(;(/i)] 


The  forces  of  interest  are  the  traaion  forces  acting  on 
the  plane  perpendicular  to  the  x ,  direction  since  they 
must  be  continuous  across  any  material  discontinuities 
occurring  in  the  x ,  direction.  The  forces  are, 


[/(-/i)]  =  -[Z,][-K-h)] 

/  =  ^  =  yoory  = -yuj^Z)  •  dS  =  ya)C,  ad 
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The  general  impedance  equations  were  programmed 
in  FCDRTRAN  and  applied  to  a  number  of  quasi-mode 
or  composite  resonator  configurations. 


Now  use  the  boundary  conditions  in  the  port  equations 
to  find  the  three  unknown  coefficients  [  .  U  A .  1  and 

ct  The  result  is, 

^(1  r] 

jcoC, 

[T\-{[r,]  \\  ' 

[  /  3l>  '  {[r,  \  '  -[  i\\  ') 

[7',]  =  [  1  ]+  y[::J[tan(|)] 

[7'2l  =  [::,]  +  y[lan4)] 

I  /':,]  =  [  1  1+  y[;:,)[  taiict)] 


An  examination  of  doubly  rotated  crystal  cuts  using  a 
transmission  line  model  has  been  used  by  Ballato  [4,5] 
to  examine  temperature  coefficients  and  other  prop¬ 
erties  of  transducer  plates  and  composite  geometries 
such  as  the  stacked  crystal  filter. 

Specific  cases  are  illustrated  in  Fig.  5-7  .  In  Fig.  5  is 
shown  the  configuration  for  AIN  film  resonator  having 
orientations  of  c-axis  normal  and  5  degree  c-axis  tilt  as 
might  occur  under  some  film  deposition  conditions.  If 
ac-axis  normal  film  of  AIN  is  deposited  on  SC-cut  quartz 
the  ongitudinal  wave  from  the  AIN  film  is  coupled  to 
both  shear  waves  in  the  substrate  generating  the 
complex  .3sonator  response  shown  in  Fig.  6.  For 
excitation  of  a  shear  mode  in  AIN  it  is  necessary  to 
rotate  the  c-axis  of  tiie  film  45  degrees  towards  the 
basal  plane.  Then  the  film  is  rotated  about  the  plate 
normal  in  order  to  align  the  film  shear  wave  s  polar¬ 
ization  with  the  desired  shear  wave  mode  in  the  sub¬ 
strate.  Fig.  7  shows  the  resonator  response  for  a 
properly  aligned  film  and  the  resultant  reduction  in 
effective  coupling  coefficient  apparent  from  the  phase 
response. 


I7'..l  =  /[tan  4)  I 

[::,]=[[i] 

The  above  equation(s)  hold  for  a  one  dimensional 
plane  wave  plate  resonator  of  arbitrary  complexity  and 
number  of  layers.  Complex  structures  are  analyzed 
using  matrix  multiplication  to  cascade  various  sections, 
if  the  resonator  is  just  a  complex  piezoelectric  plate 
without  attached  layers  or  loads,  then  the  impedance 
reduces  to, 

Z=— ^(1  -[?]"[P][tnn4/4][[^l  '[I]  '(ej/tf,) 
jtoC, 

If  the  mode  structure  of  the  plate  and  resonator  is 
simple  then  the  impedance  relation  is  that  for  a  single 
mode. 


{1-A- 


t  a  n  ({) 
4) 


::,)cos^4)  "  /siri24) 

-':,)cos24<-^  1  )sin  24) 

Finally,  the  electrical  impedance  for  a  simple  pure  mode 
single  plate  resonator  is  given  by. 


\-K^ 
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Fig.  6  Analysis  of  resonator  impedance  phase  for  AIN 
film  on  SC-cut  guartz.  The  result  shows  the  effect  of 
mode  coupling  in  the  substrate  generating  both  shear 
and  longitudinal  resonances.  The  lower  plot  is  an 
expansion  of  the  encircled  portion  of  the  upper  plot. 


3.0  SUMMARY 

For  many  applications  thin  film  resonators  are  of  such 
large  diameter  to  thickness  ratio  to  be  treated  to  first 
order  as  one  dimensional  wave  propagation  devices 
as  verified  by  previous  experimental  results.  An  anal¬ 
ysis  of  the  general  quasi-mode  composite  resonator 
was  presented  and  the  results  summarized  in  electrical 
impedance  equations  cast  in  a  matrix  algebra  format. 
The  formalism  is  being  used  to  design  composite 
resonators  and  to  predict  the  effects  of  film  orientation 
on  device  performance  and  yield. 
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Fig.  7  AIN  shear  wave  film  on  SC  cut  quartz  substrate. 
The  lower  figure  is  for  the  AIN  alone  and  illustrates  the 
reduction  of  resonator  effective  coupling  coefficient 
in  the  overmoded  composite  structure.  However,  the 
effective  coupling  coefficient  of  the  composite  is  still 
as  large  as  a  fundamental  mode  quartz  plate.  The 
frequency-thickness  product  is  relative  to  the  film. 
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Abstract 

We  report  on  the  design  of  UHF  and  L-band  oscillators 
using  of  sputter-deposited,  thin-hlm,  aluminum  nitride 
resonators  cointegrated  with  microwave  fr  =  2.5  GHz  BJTs. 
The  resonator  is  used  as  the  feedback  element.  Design 
techniques  and  suggestions  for  novel  circuit  and  system 
architectures  using  this  technology  are  presented. 

Introduaion 

Sputter-deposited  AIN  thin-film  resonators  (TFR)  have 
been  used  as  the  feedback  frequency  control  element  in  a 
variety  of  hybrid  single  mode,  comb  line,  and  voltage- 
controlled  UHF  and  L-band  oscillators  [1-4].  Cointegration  of 
tlie  TFR  and  active  devices  has  also  been  demonstrated  where 
the  piezoelectric  material,  AIN,  was  dc  magnetron  sputtered 
onto  a  p*  doped  silicon  membrane  whose  fimction  was  to 
serve  as  an  etch  stop  for  the  EDPW  anisotropic  etch  used  to 
remove  substrate  silicon  [5,6].  Although  the  process  of  using 
a  p+  etch  stop  is  well  defined  and  yields  high-Q  TFR  devices, 
it  is  not  as  compatible  with  the  process  flow  for  the  active 
devices  as  would  be  desired  and  these  process  compatibility 
issues  have  limited  the  scope  of  cointegrated  circuits  and 
systems.  In  this  paper,  we  present  an  overview  of  a  novel 
process  flow  designed  to  address  these  compatibility  issues 
and  the  oscillator  design  methodology.  This  technology  uses 
RIE  trench-isolated  2.5  GHz  BJTs  cointegrated  with  high-Q 
AIN  resonators  synthesized  with  an  anisotropic  etch  along  the 
<1 1 1>  crystal  axes  with  the  first  level  A1  metal  serving  as  the 
etch  stop.  Dielectrically  assisted  liftoff  is  used  for  AIN 
definition.  A  typical  oscillator  design  includes  one  gain  stage 
with  the  TFR  connected  so  as  to  obtain  either  a  Colpitts  or 
Pierce  configuration.  The  TFR  is  modeled  by  a  Butterworth 
Van-Dyke  equivalent  circuit  where  discrete  circuit  parameters 
arc  obtained  from  a  TOUCHSTONE™  optimization  fit  from 
S-parameter  measurements.  The  resultant  design  is  then 
incorporated  into  the  top  metallization  layer  mask.  BJT  S- 
parameter  data,  AIN  resonator  data,  and  oscillator  design 
methodology  for  a  single-mode  cointegrated  1  GHz  oscillator 
using  these  fabrication  and  design  techniques  will  be 
presented  along  with  suggestions  for  additional  advanced 
applications. 

Cointegrated  Process  Discussion 

Cointegrated  circuits,  illustrated  conceptually  in  Figure  1, 
requires  a  compatible  semiconductor  process  that  permits 


fabrication  of  high-performaiKC  BJTs  with  high  fx  on  the 
same  substrate  as  high-Q  thin-film  AIN  resonators. 


,-  Pi«o«tecuic 


Figure  1 .  Cointegration  concept.  Schematic  representation 
showing  integration  of  a  TFR  and  Si  BJT  on  the 
same  substrate. 

The  UHF  and  L-band  oscillators  currently  under  evaluation 
are  design  using  the  ASIC  shown  in  the  ICED  layout. 
Figure  2.  This  ASIC  includes  trench-isolated  npn  transistors 
and  resistors  and  digitally-scaled  MOS  capacitors  with  fusible 
links  for  tuning  if  required.  Table  1  summarizes  the 
component  content  in  the  ASIC  chip.  A  series  of  test  patterns 
are  also  incorporated  in  the  design. 


Figure  2.  ICED  ASIC  layout. 
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Table  1  ASIC  COMPONENT  DESCRIPTION 


COMPONENT  NUMBER  DESCRIPTION 


npn  typel 

8 

npn  type  2 

12 

npn  type  3 

12 

pnptype  1 

1 

pnptype  2 

1 

resistoifs) 

120 

capacitors 

48 

inductors 

3 

resonators 

6 

4  jun,  ft  =  2.5  GHz 
4nin.fT=  1  5  GHz 

2  (iin  X  25  (im,  five  fingers 
lateral,  low  ^ 
lateral,  ^  <  25 
10  0-2  kO,  guard  ring 
and  active  base  dififijsions 
1.25  pF-  lOpF.MOS 

5  T,  275  pm  square, 

20  pm  pitch,  5  nH. 

400  pm  X  400  pm  and 
300  pm  X  300  pm 


The  ten-mask  process,  using  2  pm  design  rules,  is  shown 
in  Figure  3.  The  substrate  material  is  a  p-type  100  mm  silicon 
wafer,  both  sides  polished.  An  n^  spreader  layer  and  an  n- 
type  drift  layer  are  epitaxially  grown  on  the  substrate.  Mask  1 
is  used  to  define  the  trench  isolation  for  all  transistors, 
resistors,  and  capacitors.  Trenching  is  subsequently 
performed  using  RIE.  Mask  2  is  used  to  define  the  sinker 
oxide  etch  and  diffusion  with  trench  refill  using  either  SiOz  or 
polysUicon.  TTiis  refill  is  used  to  obtain  surface  planarity  for 
subsequent  photoresist  deposition  and  metallization.  Mask  3 
is  used  to  define  the  high-resistivity  base  guard-ring  diftusion. 
The  low-resistivity  active-base  difiusion  is  defined  by  Mask  4. 
This  difiusion  is  also  used  for  the  resistors.  A  shallow  emitter 
diffusion  is  obtained  using  Mask  5  yielding  an  active  base 
region  thickness  under  0.25  pm.  Mask  6  is  used  to  define  the 
via  etch  for  all  the  device  contacts.  Silicon-doped  aluminum 
(1-2%)  is  used  for  the  first  metal  layer.  Metal  1,  defined  by 
Mask  7,  is  used  for  the  bottom  TFR  electrode  as  well  as  for 
test  structure  device  contacts.  Mask  8  is  used  for  the  nominal 
400  pm  X  400  pm  AIN  piezoelectrically-active  area 
definition.  A  dielectric  film  is  then  deposited  on  the  wafer  for 
lift-off.  Oriented  AIN,  nominally  5  pm  thick  at  1  GHz,  is 
deposited  on  the  entire  100  mm  wafer  using  dc  magnetron 
sputtering  of  a  99.999%  purity  aluminum  target  in  a  nitrogen 
plasma.  Experimental  results  have  shown  that  this  lift-off 
procedure  provides  significantly  higher  coupling  coefficients 
then  the  previously  repotted  aperture  masks.  The  top  metal 
layer,  metal  2,  defined  by  Mask  9,  is  used  for  the  top  TFR 
electrode  definition  as  well  as  the  circuit  interconnects.  A 
cleaved  cross-section  of  the  c-axis  vertical  AIN  is  shown  in 
Figure  4  along  with  a  top  view  of  the  TFR  showing  the 
multilayer  defined  structure.  The  AIN  is  5  pm  thick  with  a  0.4 
pm  AJ  top  electrode.  By  not  etching  a  backside  via,  one 
obtains  an  overmoded  TFR  response.  To  obtain  single-mode 
and  overtone  operation.  Mask  10  is  used  to  define  the  backside 
via.  Anisotropic  etching  occurs  along  the  <1 1 1>  crystal  axes 
with  the  first  metal  A1  serving  as  the  etch  stop.  The  difiusion 
profiles  required  for  high  fj  transistors  are  considerably  easier 
to  obtain  because  a  p'^  layer  is  not  used  for  the  resonator 
etch-stop  membrane.  As  observed  from  the  process  flow, 
virtually  all  device  processing  is  completed  except  for  the 


topside  circuit-defining  metallization  before  the  TFR 
processing  is  initiated.  Other  electrode  configurations  are 
used  for  spurious  mode  control. 


HlTAL  e  l£ftNTTlI>»  >  9 


Figure  3.  Cointegrated  process  flow  usmg  nine  masks. 

Mask  10  is  for  the  TFR  via  from  the  backside  of 
the  die. 


Figure  4.  Qeaved  AIN  used  for  TFR  and  top  side  view. 


Oscillator  Design 

The  oscillator  was  designed,  using  the  three-port  paradigm 
shown  in  Figure  5,  with  the  measured  S-parameters  of  the  BJT 
devices  and  TFRs  as  input  to  design  algorithm  given  by 

I  [S1[S']-(1]  I  =0  (1) 

where  [S]  is  the  three-port  scattering  matrix  of  the  active 
device  portions  of  the  network  and  [S’]  is  the  three-port 
scattering  matrix  of  the  embedding  and  interconnecting 
network  which  includes  the  load.  This  closed  form  solution 
technique  is  described  by  Weber  [7],  The  TFR  S-parameters, 
lumped  constant  R,  L,  and  C  circuit  elements  including 
parasitics,  and  the  BJT  S-parameters  were  input  to  EEsofs 
TOUCHSTONE™  circuit  analysis  program  to  synthesize  the 
oscillator  topology.  An  oscillator  design  may  include  one  or 
more  one-  or  two-port  TFRs  or  TFR-based  filters  and  one  or 
more  oscillating,  amplifying,  and  sustaining  active  stages.  Sn 
for  a  cointegrated  1.18  GHz  TFR  is  shown  in  Figure  6(a) 
along  with  its  Butterworth  VanDyke  equivalent  circuit 
obtained  from  a  TOUCHSTONE  optimization  routine.  Figure 
6(b),  [S]  for  a  typical  fp  =  2.5  GHz  BJT  is  shown  in  Figure  7. 


Figure  5.  Three  port  oscillator  configuration. 
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Figure  6(b).  Butterworth  VanDyke  model  for  a  1  GHz 
TFR  component  values  determined  by  a 
TOUCHSTONE™  optimization. 
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Figure  7.  S2.]  and  S.|.j  for  a  cointegrated 

2.5  GHz  BJT. 


Figure  6(a).  Su  of  TFR  cointegration  on  wafer  39-2 
f=  1.18  GHz. 


Figure  7.  Continued.  S^2  and  fo''  a 
cointegrated  2.5  GHz  BJT. 


As  shown  in  Figure  8,  a  1  GHz  oscillator  design,  we  employ  a 
Darlington  gain  stage  to  accommodate  the  losses  in  the  circuit 
elements  including  the  20  TFR  series  resistance.  As  shown 
in  Figure  9,  a  topside  partial  view  of  the  ASIC  which  includes 
the  Figure  8  design,  an  onboard  spiral  inductor  is  used  to 
provide  additional  phase  delay  and  is  not  required  for  designs 
where  fo  <  25  %  ft- 


1.5  pF 


Figure  8.  Darlington  common-base  amplifier  used  to  obtain 
an  oscillator. 


Figure  9.  ASIC  design  showing  scaled  capacitors, 

matching  inductor  and  Darlington  connected 
BJTs. 


Conclusions  and  Directions  for  Future  Work 

Performance  of  the  oscillator  design  shown  in  Figure  8  is 
currently  being  evaluated  with  a  view  to  design  and 
implement  cointegrated  versions  of  the  previously  reported 
hybrid  single  mode,  overmoded,  VCO,  and  mode-selectable 
configurations.  Near  term  work  will  focus  on  the  designs  and 
applications  of  these  cointegrated  TFR  oscillators  and 
bandpass  amplifiers.  In  addition,  to  the  applications  in 
communications,  navigation,  avionics,  and  telemetry  systems, 
work  is  also  proceeding  on  using  the  TFR  as  a  chemical 
sensing  element  [8].  This  concept  is  illustrated  in  Figure  10 
where  the  outputs  of  two  identical  TFR-based  cointegrated 
oscillators  (one  exposed  to  the  sensing  environment  and  the 
other  TFR  passivated)  are  mixed  to  obtain  a  low-frequency 
baseband  output  proportional  to  nanogram  mass  sensitivity. 
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Figure  10.  Proposed  thin-film  piezoelectric  resonator  for 
.sensor  applications. 
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Abstract 

The  investigation  results  of  piezo¬ 
electric  BAW  resonators  using  single 
crystals  of" strong"  piezoelectrics  are 
given.  The  possibility  of  face  shear 
mode  excitation  in  lithium  tantalate 
piezoelectric  elements  of  single-rota¬ 
ted  cuts  is  reported  which  enables 
manufacturing  resonators  with  zero 
frequency-temperature  coefficient.  The 
information  regarding  resonance  spa¬ 
cing  value  of  the  resonator  versus 
operating  mode  of  vibration  and  the 
frequency  range  used  is  included.  The 
realizable  parameters  of  new  resonator 
types  using  lithium  tantalate  and 
La^Ga^SiO^^  (LGS)  are  also  given. 


Introduction 

The  search  and  application  of  new 
piezoelectric  materials,  investigation 
of  physical-chemical  properties  of 
known  piezoelectric  crystals  are  the 
main  trends  of  improvement  of  piezo¬ 
electric  BAW  resonators:  their  miniatu¬ 
rization,  enlargement  of  resonance  spa¬ 
cing,  temperature  and  time  frequency 
stability,  decreasing  capacitance  ratio, 
the  inductance  etc. 

For  many  fields  of  application 
(oscillators  with  frequency  pulling, 
synthetizers  for  TV  sets,  microprocessors 
and  communication  channels  of  high  den¬ 
sity,  etc,)  resonators  with  a  wide  reso¬ 
nance  spacing  and  small  motional  induc¬ 
tance  are  required.  The  quality  of 
quartz  single  crystals  attained  nowadays 
at  the  expense  of  improving  their  grow¬ 
ing  up  technology  and  subsequent  proces¬ 
sing  (sweeping,  crystal  elements  etching 
in  the  form  of  inverted  mesas,  etc.)  made 
it  possible  to  enlarge  the  frequency 
range  of  crystal  units  operating  at  the 
fundamental  frequency  from  30  MHz  up  to 


500  MHz,  providing  their  resonance  spa¬ 
cing  of  order  of  0.1%.  However,  for  many 
types  of  radioelectronic  equipment  this 
is  insufficient. 

The  most  wide  application  in  the 
world  practice  find  at  present  BAW  reso¬ 
nators  with  piezoelectric  element  made 
of  lithium  tantalate  and  lithium  nlobate 
(LiTaO^,  LiNbO^)  single  crystals,  having 

sufficiently  high  electromechanical 
coupling  factor.  Resonators  based  on 
these  materials  have  a  wide,  up  to  11%, 
resonance  spacing,  small  capacitance 
ratio  and  small  inductance.  Moreover, 
lithium  tantalate  resonators  have  tempe¬ 
rature  compensated  cuts  with  zero  frequ¬ 
ency-temperature  coefficient  of  the 
first  order  (Tables  1  to  3)» 

Predicted  (1978)  and  experimentally 
found  (1985)  in  the  U.S.S.R,  [l ,  2j  , 
new  cuts  with  zero  PTC  ujider  special 
field  excitation  enable  to  design  minia¬ 
ture  lithium  tantalate  resonators  with 
piezoelectric  elements  operating  in  face 
shear  modes  over  the  frequency  range 
300-3000  kHz,  Such  resonators  reveal 
frequency-temperature  characteristic  in 
the  form  of  "inverted"  symmetrical,  2nd 
order  parabola  with  a  positive  steepness 

coefficient  c  -  (0.7  -  1.5)  x  10"® °C"^. 
The  Inductance  of  such  resonators  can 
change  from  0,03  H  up  to  1 ,5  H  and  the 
resonance  spacing  from  0,8%  up  to  1 ,9% 
depending  on  the  frequency  value  and  on 
the  design  of  the  resonator.  The  motional 
parameters  and  resonance  spacing  of  these 
resonators  depend  on  the  angle  of  cut, 
geometrical  size  of  a  crystal  element, 
configuration  and  dimensions  of  an 
electrode  and  also  on  their  ratios.  As  a 
result  of  these  investigations  the  opti¬ 
mum  dimensional  ratios  and  those  angles 
of  cut  were  established  ensuring  Improved 
parameters  and  characteristics  of  contour 
mode  resonators. 

Optimization  of  shape  and  angle  of 
cut  of  lithium  tantalate  crystal  ele¬ 
ments  with  xyls/+o(/-y3  -  orientation 
made  it  possible~to  miniaturize  thickness 
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shear  mode  resonators,  to  reduce  up  to 
3-4  times  the  expenditure  of  costly  raw 
materials,  to  improve  their  temperature 
stability  over  the  frequency  range  3  to 
30  MHz.  The  resonance  spacing  of  such 
resonators  attains  6-8^,  steepness  coef¬ 
ficient  of  PTC  parabola  attains 

9  X  and  their  motional  induc¬ 


tance  (0,1-1)  X  10"^  H  b,  4j  . 

The  investigations [5 Jmade  it  pos¬ 
sible  to  determine  the  optlmvun  shape, 
electrode  and  crystal  element  dimensions 
of  resonators  operating  in  longitudinal 
mode  over  the  frequency  range  60  - 
800  kHz.  The  maximum  value  of  resonance 
spacing  attainable  by  using  "entire" 
electrodes  with  crystal  elements  having 
zyb/ +45 "-orientation  is  2,5^.  Reducing 
electrode  length  by  0,2-0, 3  mn  from  the 
initial  value  enables  to  increase  the 
resonance  spacing  of  resonators  appro¬ 
ximately  1,5  times.  The  minimum  induc¬ 
tance  value  of  lithium  tantalate  reso¬ 
nators  vibrating  with  longitudinal  mode 
can  attain  0.02-0,05  H, 

Miniature  resonators  operating  in 
flexural  mode  in  the  length-width  plane 
(XY -plane)  can  be  manufactured  for  ope¬ 
ration  over  the  frequency  range  of  25- 
250  kHz,  Analogously  to  longitudinal 
mode  resonators,  flexural  mode  resona¬ 
tors,  having  crystal  elements  of 
zyb/ +4 5 “-or lent at ion  with  electrodes 
along  all  the  length  have  maximum  reso¬ 
nance  spacing  of  1  ,3?^,  It  can  be  enlar¬ 
ged  approximately  1 ,2  times  by  corres¬ 
ponding  shortening  of  driving  electro¬ 
des.  This  is  approximately  20-30  times 
superior  to  the  analogous  quartz  crystal 
resonators  (for  example,  of  NT-cut). 
Minimum  motional  inductance  values  of 
such  resonators  achievable  are  equal  to 
0.1 -0.2  H,  and  their  frequency-tempera¬ 
ture  characteristics  have  the  shape 
close  to  the  quadratic  parabola  with  the 
steepness  coefficient 

(7  -  9)  X  10"®‘>C^  [6J  . 


Lithium  niobate  resonators  with 
strip  piezoelectric  elements  of 
yzb/-17“-cut  operating  in  thickness 
shear  mode  are  of  considerable  practical 
interest.  Their  temperature  instability 
over  the  temperature  range  from  -60  to 
+85 “C  is  relatively  large  and  is  appro¬ 
ximately  equal  to  +4000  x  10“^,  Compared 
to  the  resonance  spacing  value  equal  to 
11%  this  instability  constitutes  0.8% 
only.  This  enables  a  wide  application  of 
such  resonators  in  oscillators  of  clock 
signals. 

The  parameters  of  realized  miniatu¬ 
re  lithium  tantalate  and  lithium  niobate 
resonators  are  given  in  Tables  1  and  2, 


Table  1 .  Parameters  of  manufactured 
miniature  lithium  tantalate 
resonators  operating  in 
different  modes 


1  Parameter 
designaiioo 

1 

Modcb  of 

vibrauon 

1 

{ 

Flexu-i 

Longitu-  1 

Contour 

[ 

1  Thickness 

'  I 

ral  I 

dinai  1 

shear  , 

Frequency  range,  kHz  j 

30-250 

60-600 

450-900 

3000-30000  1 

Siepness  coefficient 

7-9 

7-9 

6-9 

9-11  1 

of  FTC.  1 

Resonance  spacing,  % 

0.5-1. 5 

1.0-3. 1 

08-1.8 

6-8 

Motional  inductance.  H 

2-80 

0.2-1  0 

0.1-07 

(O.MO)xlO' 

Motional  resistance.  Ohm  ! 

5-150 

l-ISO 

20-60 

5-30 

Quality  factor  Q.  10^ 

30-100 

50-200 

30-120 

;  0,7-25  1 

Table  2.  Parameters  of  a  lithitun 
niobate  resonator 
manufactured 


, . - . - . ■! . r . 

Frequency,  Frequency-  Resonance  Motional  Motional  Quality 


kHz 

temperature 
coefficient,  | 

Spacing. 

% 

. 1 

inductance. 

H 

. . 4-. 

resistance.  , 

Ohm 

factor. 

Q 

4000 

96-100  1 

. L. 

lo-n 

<2-3)«l0-'  j 

30-70  i 

2-3  ' 

The  values  of  recommended  frequency 
ranges  of  lithium  tantalate  resonators 
with  piezoelec  *'rlc  elements  vibrating  in 
different  modes,  and  realizable  values 
of  resonance  spacing  of  such  resonators 
are  given  in  Figure  1 . 

Among  new  promising  piezoelectrics 
it  is  necessary  to  point  out  gallium  si¬ 
licate  of  lanthanum  (La^Ga^SiO^  ^)(IiGS  ) 

which  had  been  first  grown  up  and  inves¬ 
tigated  in  the  U.S.S.R.  L7J  . 

LGS -crystals  belong  to  the  same  sym¬ 
metry  group  as  oC  -quartz  crystals,  i,e, 
to  the  group  3:2.  These  crystals  density 

is  equal  toj^m  5743  kg/m^,  their  acoustic 
quality,  Q,  is  several  times  superior  to 
that  of  a  quartz  crystal  and  their  inde¬ 
pendent  piezoelectric  modules  d^  ^  and 

d^^  are  superior  to  those  of  quartz  2,7 

and  6,3  times,  respectively.  These  crys¬ 
tals  exhibit  orientations  of  temperature 
compensated  cuts,  ensuring  the  existence 
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sions  within  low  frequency  range 


of  zero  ?TC8  for  flexural,  longitudinal, 
contour,  and  thlclcnesa  modes.  Frequency- 
temperature  characteristics  of  resona¬ 
tors  have  the  form  of  quadratic  parabo¬ 
las  (Fig.  2),  the  resonance  spacing  of 
such  resonators  is  3-5  times  larger,  and 
their  inductance  is  several  times  smaller 
than  of  analogous  quartz  crystal  units 

L8  ,  9J  . 


0,01  0.1  1  10  100  MHz 

Pig,  1 t  Recommended  frequency  ranges 
of  the  resonator  application: 

‘1*2, 3»4  -  lithium-tantalate  resonators 
operating  in  flexural, longitudinal, 
face-shear,  thickness -shear  modes, 
respectively  5,6  -  La^Ga^SiO^ ^-resona¬ 
tors  operating  in  longitudinal  and 
thickness -shear  modes,  respectively 
7,8  -  quartz  crystal  resonators 

LGS -crystals  are  simple  in  techno¬ 
logical  processing.  They  exhibit  small 
anisotropy  of  linear  expansion,  do  not 
have  phase  transitions  of  oC  -  ^ 
quartz  type,  which  makes  it  possible  to 
use  severe  temperature  and  velocity-re¬ 
gimes  during  their  processing,  and  to 
use  resonators  based  on  these  crystals 
under  high  environmental  temperatures, 
for  example,  as  temperatture  gauges, 
because  the  melting  temperatvire  of  LGS- 
crystals  is  approximately  equal  to 
U70“C. 

LGS-crystals  are  easily  dissoluble 
in  weak  acid  concentrations  which  signi¬ 
ficantly  facilitates  the  process  of 
planar  photolithographic  formbuilding  of 
miniature  piezoelectric  elements  and  mo¬ 
nolithic  vibrators  based  on  them. 

The  velocity  of  acoustic  wave  pro¬ 
pagation  in  LGS-crystals  is  by  25-30^ 
less  than  in  quartz.  This  factor  and 
also  smaller  Inductance  value  compared 
to  quartz  crystal  resonators  provide 
smaller  (4-3  times)  LGS-resonator  dlmen- 


Pig.  2:  Typical  frequency-temperature 
characteristics  of  thickness-shear  mode 
resonators : 

1 ,2  -  lithium  tantalate;  3  -  lithium 
nlobate;  4  -  La^Ga^SiO^^ 

An  important  feature  of  LGS-crys- 
tals  is  the  possibility  of  isomorphic 
substitution  of  Ca,  Nd,  Ge  and  a  number 
of  other  elements  for  La,  Ga,  Si  LlcO 
which  enables  to  grow  up  crystals  with 
different  electrophysical  characteris¬ 
tics  and  to  manufacture  of  them  resona¬ 
tors  with  necessary  parameters. 

All  the  above  serves  an  indication 
of  promising  use  of  the  imw  "strong" 
piezoelectric  LGS  in  the  production  of 
piezoelectric  resonators  and  of  miniatu¬ 
re  ones  especially. 

Parameters  of  LGS-resonators  manu- 
factiu’ed  are  given  in  Table  3. 
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Table  3»  Parameters  of  miniature 

resonators  manufactures  of 
LGS -crystals 


Parameter  designation 


Mode  of  vibration 


Longitudinal  Thickness  shear 


Frequency  range,  klU 

250-500 

5000-20000 

Steepness  coefficient  of 

FTS,  I0  *”C-^ 

5  • 

8 

4  -  6 

Resonance  spacing.  % 

0.5 

-  0.7 

0.7  - 

1.0 

Motional  inductance.  H 

3 

-  6 

(3-6)110* 

Motional  resistance.  Ohm 

50  - 

250 

5 

50 

Quality  factor  Q.  10^ 

20  - 

30 

10 

-  30 

Conclusion 

The  paper  lists  parameters  of 
miniature  resonators  with  atrip  piezo¬ 
electric  elements  made  of  lithium  tan- 
talate  (thickness-shear  mode)  having 
high  frequency  stability  and  small 
dimensions  of  the  crystal  element. 

The  resonator  operating  in  face- 
shear  mode  enable  to  Improve  parameters 
of  lithiura-tantalate  resonators  and  to 
raise  their  economy  within  the  frequen¬ 
cy  range  of  500-2000  kHz. 

The  evidence  of  a  worth-while  wide 
production  application  of  piezoelectric 
resonators  made  of  langasite,  a  new 
piezoelectric  material,  seems  to  be 
proven. 

The  La^Ga^SiO^ ^-resonators  possess 

satisfactory  temperature  versus  frequen¬ 
cy  stability,  have  ecologically  clean 
production  technology  and  are  promising 
for  the  application  within  the  frequen¬ 
cy  range  from  10  kHz  to  50  MHz. 
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Recently,  the  authors  have  presented 
calculations  of  the  properties  expected 
for  doubly-rotated  lithium  tetraborate 
resonators.  The  loci  of  cuts  possessing 
both  first  and  second  order  temperature 
compensation  for  the  simple  thickness 
modes  of  plate  resonators  driven  by 
thickness-directed  electric  fields  were 
identified.  Lithium  tetraborate  plates 
cut  to  the  nominal  orientations  of  these 
loci  have  since  been  obtained  and 
measurements  have  been  undertaken  to 
verify  the  predictions.  The  mode  spectra, 
equivalent  circuit  parameters,  and 
frequency-temperature  behavior  have  been 
examined  for  the  first,  third,  and  fifth 
harmonics  for  all  three  simple  thickness 
modes  of  the  resonators.  The  observed 
values  of  frequency  constants  and 
piezocoupling  are  in  good  agreement  with 
the  predicted  values.  The  measured 
temperature  coefficients  are  less  well  in 
agreement  with  the  predicted  values. 


Introduction 

In  a  recent  series  of  papers  [1-5], 
the  ’authors  have  presented  calculations  of 
the  properties  expected  for  doubly-rotated 
lithium  tetraborate  resonators.  The 
calculations  employed  the  one-dimensional 
approximation  [6]  and  examined  both 
thickness  excitation  (TE)  and  lateral 
excitation  (LE)  of  thickness  modes  (TM)  in 
plate  resonators.  Of  primary  interest 
were  the  wave  velocities,  piezocoupling, 
and  temperature  coefficients  of  frequency. 
The  data  of  Shiosakl  et  al.  [7]  as  listed 
in  Table  1  were  used  in  the  calculations 
with  one  exception;  the  thermal  expansion 
coefficients  were  used  to  calculate  the 
temperature  coefficients  of  density, 
rather  than  using  the  published  values. 

In  carrying  out  the  calculations  over 
the  entire  primitive  region  of  the 
material,  the  loci  of  cuts  possessing  both 
first  and  second  order  temperature 
compensation  for  TETM  plate  resonators 
were  identified.  One  cut,  employing  the 


extensional  or  'a '-mode,  with  nominal 
angles  of  cut  (YXwl) 40°/33°  has  been  given 
the  designation  of  TA-cut.  This  cut  is 
proposed  for  applications  when  frequency 
stability  with  temperature  over  an 
extended  range  is  a  requirement,  jointly 
with  moderate  piezoelectric  coupling.  The 
other  cut,  employing  the  slow  shear  or 
•c'-mode,  with  nominal  angles  of  cut 
(YXwl) 19°/56°  has  been  designated  as  the 
TC-cut.  This  cut  is  proposed  for 
applications  demanding  superior  frequency 
stability  with  temperature,  and 
piezocoupling  values  larger  than  available 
with  quartz.  In  both  cases,  first-  and 
second-order  temperature  compensation  is 
predicted  only  for  the  fundamental 
harmonic  when  driven  by  thickness 
excitation. 


Experimental  Samplgg 

In  order  to  verify  the  predicted 
behaviors,  a  set  of  lithium  tetraborate 
plates  cut  to  the  nominal  orientations  of 
the  TA-  and  TC-cuts  was  obtained  from  a 


TABLE  1.  Li2B407  MATERIAL  CONSTANTS  9  25'C 


Item 

Value 

t(1) 

io"®/k 

t(2) 

10“®/k2 

'sii 

^  33 

78.8x10~J2  p/j, 

97.1 

2800 

71.5x10“^^  F/m 

545 

2900 

®15 

0.472  C/nl 

-1050 

-900 

®3_1 

0.290  C/m; 

-573 

-6910 

®33 

0.928  C/m^ 

-600 

-6500 

®e44 
®  66 

135.  xlO^  N/m2 

-81 

-440 

3.57X10®  N/m; 

3370 

-17400 

33.5  xlO®  N/m; 

465 

-2300 

56.8  xlO®  N/m; 

364 

-1800 

58.5  xlO®  N/m; 

-18.1 

500 

46.7  xlO®  N/m^ 

-272 

-450 

®11 

11.1 

5.6 

O33 

-3.74 

21 

/> 

2439  kg/m^ 

1 

0 

-31.8 
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material  grower  [8].  The  plates  are  of 
plano-plano  goemetry,  14mm  diameter, 
168.4  Mm  thick,  with  both  sides  optically 
polished.  The  plates  were  cleaned  using 
organic  solvents  and  a  UV/ozone  cleaner, 
then  electroded,  mounted,  and  sealed  in 
two-point  mount  HC-6  type  cold-weld 
enclosures.  A  nominal  mass  loading  of 
0.48%  was  obtained  with  300A  Cr/1200A  Au 
electrodes  of  5.34  mm  diameter. 


Modg  Spectra 

The  mode  spectra  of  the  resonators 
were  examined  using  an  HP8753B  Network 
Analyzer/HP85046A  S-Parameter  Test  Set  in 
conjunction  with  HP85160A  Measurement 
Automation  Software  [9].  Figure  1  shows 
the  observed  mode  spectrum  of  the  TA-cut 
and  Figure  2  shows  the  mode  spectrum  of 
the  TC-cut.  The  observed  frequencies  of 
the  various  modes  and  their  harmonics  are 
listed  in  Tables  2  and  3  for  the  TA-  and 
TC-cut  respectively,  along  with  certain 
other  quantities  of  interest.  The 
observed  frequencies  are  in  good  agreement 
with  the  predictions,  as  are  the  observed 
values  of  piezocoupling.  Note  that  for 
the  TA-cut  b-mode,  a  Q-f  product  of 
2-3x10^^  is  observed.  This  high  value  is 
consistent  with  other  lithium-based 


TABLE  2.  TA-CUT  OBSERVED  FREQUENCIES 


Mode 

M 

^R 

[MHz] 

Q 

[10^] 

^1 

[fs] 

k 

[%] 

b 

a 

1 

21.041 

1 

6912 

13 

0.42 

a 

3 

63.860 

21 

118 

10 

0.24 

a 

5 

106.490 

32 

47 

9.5 

0.22 

b 

1 

15,154 

350 

30 

1.4 

0.88 

b 

3 

45.419 

450 

8 

1.2 

0.68 

b 

5 

76.017 

147 

14 

1.7 

— 

c 

1 

10.718 

5 

2884 

17 

0.69 

c 

3 

32.537 

21 

234 

15 

0.47 

c 

5 

54.284 

37 

82 

13 

0.41 

TABLE 

3. 

TC-CUT  OBSERVED 

FREQUENCIES 

Mode 

M 

^R 

Q 

^1 

k 

b 

[MHz] 

[10^] 

[fs] 

[%] 

a 

1 

20.095 

2 

4449 

19 

0.49 

a 

3 

61.346 

11 

246 

15 

0.33 

a 

5 

102.365 

23 

68 

12 

0.22 

b 

1 

14.275 

180 

62 

2.3 

0.86 

b 

3 

42.805 

163 

23 

1.9 

0.58 

b 

5 

71.298 

140 

19 

0.5 

0.11 

c 

1 

9.408 

3 

5524 

25.5 

0.89 

c 

3 

29.017 

12 

456 

20.3 

0.50 

c 

5 

48.400 

50 

64 

8.4 

0.09 

Figure  1.  Mode  rpectrum  of  the  LijB^O^ 
TA-cut  resonator  driven  by  thickness 
sjicitatiori. 


Figure  2.  Mode  spectrum  of  the  Li2B407 
TC-cut  resonator  driven  by  thickness 
excitation. 


ts  Nte  21  Itm  22  lUi 

Figure  3.  Measured  response  of  the 
fundamental  harmonic  of  the  Li,B,07  TA-cut 
' a ' -mode . 
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Figure  4 .  Measured  response  of  the 
fundamental  harmonic  of  the  Li2B407  TC-cut 
*  c ' -mode . 

piezoelectrics  such  as  LiNb03  and  LiTaOj . 
The  motional  time  constant  is  equal  to 
l/(2irfRQ)  . 

Figures  3  and  4  show  respective  views 
of  the  TA-cut  fundamental  'a' -mode  and  TC- 
cut  fundamental  'c'-mode  in  the  vicinity 
of  resonance.  The  presence  of  unwanted 
modes  is  noted  in  both  cases.  For  the 
units  tested  here,  the  fundamental 
harmonic  of  any  thickness  mode  was  least 
afflicted  by  unwanted  modes,  while  the 
harmonics  suffered  progressively 
increasing  interference  from  unwanted 
modes.  The  implied  loss  of  energy 
trapping  with  increasing  harmonic  is 
reflected  in  the  one-dimensional 
electroded  fraction  of  the  active  area 
denoted  as  b  in  Tables  2  and  3  [10-12]. 


Equivalent  Circuit  Parameters 

The  equivalent  electrical  circuit 
parameters  of  the  resonators  have  been 
examined  for  the  fundamental,  third,  and 
fifth  harmonics  for  all  three  TE  modes  of 
the  resonators.  The  measurements  were 
made  using  two  techniques; 

1)  HP4191A  RF  Impedance  Analyzer/ 
FLUKE  6060A  Synthesizer  with  PTI  developed 
software  [13], 

2)  HP8753B  Network  Analyzer/HP85046A 
S-Parameter  Test  Set  with  HP8516SA 
Resonator  Measurement  Software  (implements 
EIA-512)  [14]. 

Some  difficulty  was  experienced  in  the 
measurement  process  due  to  the  previously 
noted  interference  from  unwanted  modes. 

The  results  of  the  equivalent  circuit 
parameter  measurements  are  summarized  in 
Tables  4  and  5  for  the  TA-  and  TC-cuts, 
respectively. 


TABLE  4.  TA-CUT  EQUIVALENT  ELECTRICAL 


CIRCUIT 

PARAMETERS 

Mode 

M 

RpCn] 

L3[mH] 

Ci[ff J 

Co[pF] 

a 

1 

39.5 

0.325 

175 

12.07 

a 

3 

10.7 

0.565 

11.0 

11.87 

a 

5 

13.0 

0.625 

3.6 

12.27 

b 

1 

16 

60 

1.85 

12.41 

b 

3 

50 

78 

0.16 

11.80 

b 

5 

124 

38 

0.11 

11.62 

c 

1 

10.3 

0.80 

280 

11.76 

c 

3 

10.9 

1.1 

21.5 

11.21 

c 

5 

12 

1.27 

6.8 

11.93 

TABLE 

5 

.  TC-CUT 

EQUIVALENT  ELECTRICAL 

CIRCUIT 

PARAMETERS 

Mode 

M 

RiCn] 

L3[mH] 

Ci[fF] 

Co[pF] 

a 

1 

13.4 

0.19 

332 

11.30 

a 

3 

9.9 

0.27 

24.8 

12.08 

a 

5 

11.3 

0.40 

6.05 

12.08 

b 

1 

12.0 

24 

5.2 

11.73 

b 

3 

58.6 

35.4 

0.39 

11.61 

b 

5 

615 

190 

0.03 

11.29 

c 

1 

8.7 

0.46 

635 

12.07 

c 

3 

11.4 

0.74 

40 

10.93 

c 

5 

24 

4.0 

2.65 

11.49 

Temperature  BehaviPr 

The  frequency-temperature  behavior  of 
the  zero-temperature  coefficient  cuts  was 
measured  using  an  IEC-444  pi-network 
transmission  measurement  system  which  has 
been  described  previously  [15],  and  is 
currently  being  upgraded.  The  upgrade 
includes  the  incorporation  of  an  HP8508A 
Vector  Voltmeter  which  was  used  in 
c  ,i junction  with  a  modified  version  of  the 
Stimulus-Response  Software  listed  in  HP 
Product  Note  8508-2  [16].  Due  to  the 
presence  of  the  unwanted  modes,  it  was 
necessary  to  measure  the  frequency 
spectrum  as  a  function  of  temperature  and 
extract  the  data  for  each  particular  mode 
from  the  measured  spectra. 

Figures  5  and  6  show  respectively  the 
frequency-temperature  behavior  of  the 
predicted  zero-temperature  coefficient 
modes  of  the  TA-  and  TC-cuts.  Although 
the  measured  first-order  temperature 
coefficients  of.ow  reasonable  agreement 
with  the  predicted  values,  the  second- 
order  temperature  coefficients  are^  less 
well  in  agreement  with  the  predicted 
values.  The  piedicted  and  measured 
temperature  coefficients  of  frequency  of 
all  the  modes  and  harmonics  examined  here 
are  summarized  in  Tables  6  and  7  for  the 
TA-  and  TC-cu  ...  respectively. 
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Figure  5.  TA-cut  'a '-mode  fundamental 
harmonic  frequency-temperature  behavior. 


TABLE  6.  TA-CUT  PREDICTED  AND  MEASURED 
FREQUENCY-TEMPERATURE  BEHAVIOR 


rPredictedg 

1 - 

Measured  — 

- 1 

Mode 

M 

Tj(l)  Tf(2) 

Tj(l) 

Tf(2) 

Tf<2) 

Ti 

a 

1 

+  1 

-26 

-21 

-202 

+  186 

+  387 

a 

3 

-26 

-151 

-28 

-67 

+48 

+  501 

a 

5 

-30 

-166 

-29 

-66 

+45 

+  511 

b 

1 

-64 

+472 

-76 

-49 

-I... 

b 

3 

-64 

+475 

-8 

-5 

— 

— 

b 

5 

-64 

+476 

-14 

+5 

— ■ 

—  —  — 

c 

1 

-80 

+  219 

-11 

-4 

- - 

c 

3 

-107 

+  113 

-14 

+4 

-26 

+83 

c 

5 

-111 

+  100 

-14 

+  5 

-10 

+  199 

Units: 

T^(l) 

[xio"Vk] 

,  Tf [xlO 

-Vk2] 

i 

Tj(3) 

[x10"^2/K 

Ti[*C] 

Figure  6.  TC-cut  'c'-mode  fundamental 
harmonic  frequency-temperature  behavior. 


TABLE  7.  TC-CUT  PREDICTED  AND  MEASURED 
FREQUENCY -TEMPERATURE  BEHAVIOR 


rPredictedg  i - Measured 


Mode 

M 

T£<^5  Tf<2) 

T^(l) 

Tf  <2) 

Tf(2) 

Ti 

L 

a 

1 

+  39 

-35 

+46 

-234 

+  461 

+  195 

a 

3 

-10 

-337 

-2 

-140 

+221 

+236 

a 

5 

-15 

-372 

-5 

-129 

+  175 

+270 

b 

1 

-31 

+  217 

-47 

-86 

+216 

+  157 

b 

3 

-31 

+219 

-47 

-83 

+  109 

+277 

b 

5 

-31 

+219 

-47 

-85 

+  100 

+  307 

c 

1 

-3 

+25 

+  2 

-277 

+  324 

+  309 

c 

3 

-47 

-242 

-58 

-167 

+235 

+  262 

c 

5 

-52 

-272 

-63 

-172 

+256 

+249 

Units: 

Tj(l) 

[x10“Vk] 

,  Tf<2)[xl0' 

■Vk2] 

t 

Tf<3) 

[Xl0~^2/j^ 

Ti[-C] 

Conclusions 

The  predicted  values  of  the  first- 
order  temperature  coefficients  of 
frequency  Tj'^^  show  reasonable  agreement 
with  the  measured  values,  but  the 
predicted  values  of  the  second-order 
temperature  coefficients  of  frequency 
Tf'^)  do  not  agree  well  with  the  measured 
values.  Although  Li2B^O'y  shows  promise  as 
a  piezoelectric  material  exhibiting  the 
desireable  properties  of  high  Q,  high 
coupling,  and  zero-temperature  behavior, 
the  design  of  resonant  devices  will 
require  a  substantially  improved  knowledge 
of  the  basic  material  constants. 
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Abstract 

Surface  transverse  wave  (STW)  resonators  offer 
several  advantages  over  conventional  Rayleigh  wave 
(SAW)  resonators  (higher  operating  frequencies, 
belter  temperature  stability)  but  they  are  more 
sensitive  to  variations  of  design  parameters. 
Geometrical  dimensions,  metal  thickness  or  groove 
depth  have  to  be  carefully  selected  and  controlled  to 
ensure  low  loss  and  high  Q  operation  of  a  STW 
resonator. 

A  model  is  presented  for  predicting  the  resonant 
frequency  of  STW  resonators  operating  in  the 
fundamental  mode,  as  a  function  of  different  design 
parameters.  The  model  is  based  on  the  near-stopband 
approximation  and  the  formalism  of  cascaded  transfer 
matrices.  Results  are  obtained  in  the  case  of  a  3- 
grating  configuration  (mirror-cavity-mirror)  for  both 
grooved  and  metal  strip  gratings.  Based  on  simple 
analytical  expressions,  a  design  procedure  is  used  and 
the  influence  of  various  parameters  is  demonstrated 
and  compared  to  already  published  experimental 
data. 

New  experimental  results  obtained  on  metal  strip 
quartz  STW  resonators  are  presented  and  discussed. 


1.  Introduction 

Since  Surface  Transverse  Waves  (STW)  were 
introduced  [1],  several  examples  of  STW  devices 
(delay  lines  and  resonators)  have  been  fabricated  and 
tested  [2-4].  Potential  advantages  of  STW  resonators 
over  conventional  SAW  resonators  have  been  pointed 
out  for  high  stability  oscillator  applications  :  higher 
operating  frequencies  ( -^  60  %)  for  same  geometries, 
better  temperature  stability,  better  performances  in 
terms  of  phase  noise  and  aging  [4]. 

Theory  of  STW  devices  can  now  be  considered  as  well 
established  (2,  5-9]  but  since  only  few  experimental 
results  have  been  reported  on  fabrication  and  test  of 
STW  resonators,  our  knowledge  of  U\e  influence  of 
design  parameters  on  fundamental  properties 
(resonant  frequency,  Q-factor,  insertion  losses,  ...)  is 
not  as  good  as  for  conventional  SAW  resonators.  Only 
recently  was  presented  in  an  experimental  work  by 
Avramov  [10]  a  systematic  investigation  of  the 
influence  of  metal  thickness  on  fundamental 
properties  of  metal  strip  STW  resonators. 


The  scope  of  this  paper  is  to  present  a  model 
predicting  the  influence  of  various  design  para¬ 
meters  :  geometrical  dimensions,  metal  thickness  or 
groove  depth,  on  the  resonant  frequency  of  STW 
resonators.  The  model  is  based  on  the  theory  [2,  5,  6] 
of  STW  propagation  at  the  surface  of  an  anisotropic 
substrate  covered  with  a  periodic  array  of  grooves  or 
metal  strips.  The  aim  is  here  to  keep  analytical 
expressions  as  far  as  possible  in  the  analysis,  in  order 
to  be  able  to  understand  as  directly  as  possible  the 
influence  of  different  factors  on  the  resonant 
frequency. 

A  non-piezoelectric  model  will  be  applied  to  singly- 
rotated  quartz  plates,  together  with  tne  near  stopband 
approximation  of  coupled  mode  theory  [2,  5-7,  11] 
describing  wave  propagation  under  a  grating.  This 
approximation  is  valid  for  small  values  of  /i/A  up  to  a 
few  percent  (where  h  denotes  grooved  depth  ana  A  is 
the  periodicity  of  the  gratingTcorresponaing  to  most 
experimental  cases  already  published. 

Another  advantage  of  analytical  expressions  is  to 
simplify  the  computer  program  used  to  find  the 
resonant  frequency,  then  allows  an  easy  investigation 
the  influence  of  all  desi^  parameters  by  varying  the 
input  data.  Results  will  be  presented  in  the  case  of  the 
3-grating  configuration  (mirror-cavity-mirror)  for 
both  cases  of  metal  strips  and  grooved  gratings.  The 
influence  of  cavity  len^h,  metal  thickness,  grating 
periodicities  is  demonstrated,  and  predicted  results 
are  compared  with  already  published  experimental 
data  [4,  10].  New  experimental  results  obtained  on 
(37'’-Y-rotated)  q^uartz  STW  metal  strip  resonators  are 
presented  and  sbow  the  importance  of  the  relative 
position  of  the  resonant  frequency  within  the  mirror 
stopband  to  ensure  low  loss  and  high  Q. 


2.  Modelling  STW  propagation  for  both  grooves 
and  metal  strip  gratings 

a)  mode  shape  and  coupled  wave  equations 

Following  |2,  5-6],  Floquet  expansion  of  a  STW  mode, 
expressed  in  a  set  of  singly-rotated  (X,Y,Z)  axes  (see 
Fig.  1)  is  given  by 


I  fi 
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where  Ux  is  the  transverse  component  of  mechanical 
displacement 

On,  Xn.  Pn  are  respectively  the  amplitude, 
penetration  factor  and  propagation  constant 
of  the  n-th  Floquet  mode 
Pn  are  related  by 


where  A  is  the  periodicity  of  the  array. 

Following  convention,  determining  signs  and  phase 
f^actors  in  all  derivations  should  be  noted  on  Fig.  1 

the  ori^n  of  Z-axis  is  taken  on  the  left-hand  side 
of  a  strip 

-t-  Y  direction  points  towards  the  inside  of  the 
crystal. 


Fig.  1  :  STW  propagation  under  an  array  of  grooves  or 
metal  strips 

h  =  grooved  depth  /  strip  height 
A  =  periodicity  of  the  array 
Xc  Yc  Zc  crystallographic  axes 
X  =  Xc,  Y,  Z  singly-rotated  axes. 


In  the  near-stopband  approximation,  only  two  Floquet 
modes  n  =  0  and  n  =  -1  are  considered  in  the 
expansion  (1).  Substituting  (1)  into  the  propagation 
equation  and  using  Ist-order  Taylor  expansions  of  co 
and  po.  P  i  yields  [6, 12] 


6P  =  P„-X  "P-i 


II 

A 


6o)  =  Id  - 


II  V 

S 

A 


/  II  I  2  II  p  V  /  y 


^66 


V 


«  \  2  II  P  V  /  ^ 


(3) 


(4) 


(5) 


.(6) 


where  C55  and  Cee  =  rotated  elastic  constants  of 
the  crystal  expressed  in  (XYZ)  axes 
p  =  mass  density  of  the  crystal 
Vs  =  velocity  of  SSBW  mode. 


In  the  nonpiezoelectric  approximation,  Vs  is  given  by 


P 


where  Cc/yis  a  combination  of  elastic  constants  given 
by 


(81 


In  Eqs.  (5)  and  (6),  a  physically  acceptable  solution 
should  correspond  to  a  decay  in  the  -1-  Y  direction  ;  for 
this  reason  when  square  roots  become  complex,  they 
should  be  taken  with  a  positive  real  part,  to  ensure  a 
positive  real  part  of  both  Xo  and  x  ,• 

The  problem  is  then  completely  solved  by  the 
determination  of  mode  amplitudes  Ou  and  a  t  and 
dispersion  relation  connecting  8u  with  Sp  ;  this  is 
achieved  using  1st  order  Datta-Hunsinger  surface 
boundary  conditions  [13],  and  the  following  coupled 
modes  equations  are  obtained  [2,  5,  12]  valid  for  both 
cases  of  metal  strips  or  grooves. 


First  Floquet  mode  a 
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Second  Floquet  mode  6 
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In  Eqs.  (15)  and  (16)  appear  the  only  constants 
dependent  on  the  nature  of  the  elements  in  the  array, 
i.e. 

h  =  groove  depth  /  strip  height 
p'  =  mass  density  of  metal  (p'  =  p  for  grooves) 
Vm  =  velocity  of  shear  waves  inside  the  metal 
(.Vm=  Vs  for  grooves). 

Equations  (9-17)  are  simplified  expressions,  valid 
near  the  stopband,  assuming  that  Su/nV^  ^  1  and 
6pA/n«l. 

Within  these  approximations,  the  case  of  grooved 
gratings  apoears  to  be  a  limit  case  of  metal  strip 
gratings  with  Qo  =  0  and  q  =  1. 


b)  Analytical  solution  of  dispersion  equation 


From  eqs.  (9-12)  the  dispersion  relation  can  be  derived 
as 


(18) 


The  limit  case  of  grooved  gratings  is  obtained  with 
qo  =  0,q  =  l.i.e. 

(5P--j  (-8P--) 

d  a 

Eq.  (19)  is  nothing  but  the  well-known  dispersion 
equation  of  STW  under  grooved  gratings  as  obtained 
in  [2]. 

Eq.  (18)  may  be  solved  analytically  introducing 
dimensionless  variables  r,  s,  Tq 

8P  (20) 


Squaring  both  sides  of  eqs.  (24)  and  (25)  yield  the 
following  equation 

I  I  (26) 

sin  0  (p  -  - )  (/■  +  ous  0  (p  +  - )  =  0 

p  "  p 

Different  solutions  of  (26)  correspond  to  different 
branches  of  the  dispersion  relation 

1) 6  =  0  corresponds  to  a  passband  with  Sp  real  <  0 

2)  6  =  n  is  excluded  by  our  choice  of  branch-cut 

3)  p  =  1  corresponds  to  a  stopband 

4)  To  +  cos  0  (p  -(-  1/p)  =  0  corresponds  to  the  upper 
part  of  passband 

Case  1  -  passband  with  6p  <  0  corresponds  to  the  case 
of  the  cavity  of  a  STW  resonator,  with  un-attenuated 
propagation  along  the  surface  (z-f),  and  energy 
trapping.  Dispersion  curve  has  an  hyperbolic  shape, 
but  an  explicit  relation  between  8u  and  8p  has  to  be 
numerically  computed,  except  in  the  case  of  grooved 
gratings. 

Case  3  -  corresponds  to  stopband  and  may  be 
completely  solved  ;  with  p  =  1,  after  squaring  eqs. 
(24)  and  (25)  yield 

8P  (27) 

— -  =  r  =  i  (2  r  sin 0  +  2  sin 0  cos 0  ) 

8a)  2  <28) 

- -  =  s  =  -  (  r  +  2  r  sin  0  +  cos  20  ) 

Eq.  (27)  shows  that  inside  stopband,  8^  is  purely 
imamnary,  and  complex  square  roots  of  eqs.  (24-25) 
will  nave  both  positive  real  parts  in  the  lower  half  of 
stopband  only. 

Assuming  that 

8P  =  -  io  (29) 


*21)  where  o  is  real  and  positive,  the  analytical  form  of 

s  =  - ^  dispersion  equation  takes  the  unexpected  form  of  a 

^  9  classical  "limagon"  curve 


(22) 


\2  1/2  (30) 

1  j  =  2  (r^  -h  cosO) 


Combining  (18)  with  (20-22)  yields  a  dimensionless 
dispersion  relation 


Introducing  a  branch  cut  on  the  negative  part  of  the 
real  axis  to  define  complex  square  roots,  Eq.  (23)  may 
be  expressed  in  parametric  form 

(r-s)*'"  -  r  =  pc‘0  *24) 


(-r-s)'^  -  r 


where  p  e‘0  is  a  complex  number. 


In  the  case  of  CTooved  gratings,  q  =  1,  Tq  =  0,  the 
lima^on  curve  degenerates  as  expected  into  the  limit 
shape  of  an  ellipse  [2]. 

Case  4  -  A  discussion  not  reproduced  here  shows  that 
complex  square  roots  (8P-6a)/Vs)>/2  and  (-8p-8a)/Vs)'*2 
cannot  exhibit  a  real  part  both  at  the  same  time  ;  thus 
one  of  the  penetration  constants  and  x  ,  of  Eqs.  (5-6) 
has  a  negative  real  part,  corresponding  to  energy 
radiation  inside  the  substrate. 

Figure  2  summarizes  the  shapes  of  different  branches 
of  the  dispersion  relation  obtained  here. 
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Symniflry  relations  (35)  and  (36)  are  imposed  by 
energy  conservation. 

Particular  case  :  expressions  inside  stopband 
From  eqs.  (27-30)  coefTicients  a'  and  6'  inside  stopband 
can  be  expressed  in  a  parametric  form,  easily 
programmable 
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Fig.  2  :  Dispersion  curves  for  metal  strip  gratings 
in  the  near  stopband  approximation 

c)  Transfer  matrices  for  a  stack  of  grooves  or  metal 
strips 

From  coupled  equations  (9-12),  following  [2,  11,  141 
the  transfer  matrix  connecting  the  amplitudes  of 
forward  and  backward  travelling  waves  (Fig.  3a)  can 
be  obtained  for  a  given  stack  of  grooves,  or  metal 
strips,  starting  at  a  distance  d  of  the  origin,  with  a 
length  MFig.  3b). 


Fig.  3a  :  Definition  of  transfer  matrix  M 
in  coupled  wave  theory  with  two  Floquet  modes 


2  (40) 
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Eqs.  (38)  and  (39)  are  the  extension  to  the  case  of 
metal  strip  gratings  of  similar  expressions  obtained 
for  grooves  in  12).  Note  a  change  of  sign  between  this 
work  and  (2),  due  to  a  change  in  the  convention  of 
orientation  for  +  Y  direction. 
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Fig.  3b  ;  Stack  of  hooves  or  metal  strips  starting 
at  a  distance  a  from  the  origin,  of  length  L 


3.  Condition  of  resonance  of  a  3-grating  structure 
a)  General  expression 

Consider  a  STW  resonator  with  a  symmetric  structure 
mirror-cavity-mirror  (Fig.  4a). 


The  cavity  structure  may  be  any  combination  of 
grooves,  or  metal  strips  represented  by  a  matrix  Mr 
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Mirrors  M,n  and  M'm  are  supposed  to  be  an  infinite 
stack  of  grooves,  operating  inside  stopband.  Such  an 
infinite  array  is  characterized  by  a  single  complex 
reflection  coefficient  F;,,,  since  no  energy  is  supposed 
to  flow  at  infinity.  F^  is  defined  by 


r 

m 


a 

m 


(42) 


where  and  are  coefficients  of  the  mirror  matrix 

Mm. 


Fig.  4b  :  Model  of  a  3-grating  resonator 
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where  the  propagation  constant  is  given  by  the 
limit  form  of  dispersion  equation  of  a  medium  without 
any  periodicity. 


Resonant  condition  is  obtained  when  input  012+  and 
output  W]  +  are  equal,  and  combining  matrix  Mr  with 
Fm  yields 
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b)  Application  to  a  3-grating  resonator 

Fig.  4b  shows  a  model  of  metal  strip  resonator  or 
grooved  resonator,  not  taking  into  account  the 
presence  of  IDT  transducers. 

Reflection  coefficient  F^  is  obtained  from  (38,  39)  in 
the  limit  of  inifinite  array  length,  using 
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Case  of  grooves  :  limit  case  is  SSBW  curve 


S 


(47) 


Case  of  metal  strips  :  limit  case  is  Love  wave 
propagation,  corresponding  to  propagation  under  a 
continuous  layer  of  effective  thickness  hgff  =  h/2. 

Love  wave  dispersion  curve  can  be  recalculated  from 
fundamental  equations  given  in  [12]  and  takes  the 
following  form 


where  Love  wave  constant  B  is  given  by 


B  = 


(48) 


(49) 


Consider  the  case  of  a  cavity  made  with  v  strips  and 
(v-f- 1)  gaps,  of  periodicity  Ar  (Fig.  4b).  Cavity  length 
will  be  given  by 

L  =  i2\  +  \  )  ^  i2  (45) 

r  r 


Cavity  operating  inside  passband  will  be  represented 
by  a  transfer  matrix  with  d  —  -Arl2  and  L  =  Lr  in 
Eqs.  (32-34).  This  expression  is  valid  only  near 
stopband.  Far  from  stopband,  another  approximation 
can  be  made  [6,  12]  due  to  the  fact  that  coupling 
between  forward  and  reverse  Floquet  modes  vanishes, 
with  as  a  consequence  that  off-diagonal  terms  of 
transfer  matrices  will  also  vanish.  Transfer  matrix  in 
passband,  far  from  stopband  will  take  the  simpler 
form 


Combining  the  expressions  of  mirror  reflection 
coefficient  F^  with  transfer  matrix  of  the  cavity  Mr, 
the  condition  of  resonance  takes  the  final  form 


Following  [9],  and  introducing  the  phase  (-n/2-)-0)  of 
the  reflection  coefficient  F^,  eq.  (50)  can  be  rewritten 
as 

„  II  n  (51) 
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The  algorithm  used  to  find  the  resonant  frequency  can 
now  be  summarized  as  follows,  illustrated  on  Fig.  5. 


a)  Influence  of  number  of  elements  inside  cavity 


*  Let  angular  frequency  w  scan  the  lower  half  of 
mirror  stopband 
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and  M  =  modifying  factor  for  metal  strip  gratings  [5, 

6,  121 
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(M  —  I  for  grooved  gratings). 

♦  Plot  curve  Pr  -  [(n/2 +  H)/Lr)  as  a  function  of  Su, 
where  fi  is  given  by  eq.  (37). 

♦  Plot  equidistant  lines  separated  by  n/Lr  and  check 
for  intersection  (Fig.  5). 

Thick. =1000  A  RLU/QUflRTZ  Y+36° 
Lambdam=  5. 1 0mu  Lambdar=  4.90mu 


Fig.  6  shows  the  dependence  of  the  resonant  frequency 
vs  number  of  strips  v  inside  cavity  (see  Fig.  4b)  in  tbe 
case  of  a  grooved  resonator  (Fig.  6a)  and  metal  strip 
resonator  (Fig.  6b).  Since  maximum  of  energy 
trapping  effects  are  obtained  at  the  bottom  of  the 
stopband,  best  results  are  expected  in  both  cases  in 
the  vicinity  of  25  and  48  strips  inside  cavity.  Based  on 
these  simulations,  metal  strip  resonators  have  been 
fabricated  and  tested  with  25,  31  and  37  strips. 
Results  are  presented  below  in  sec.  5. 

Groove  depth  =1000  A  QURRIZ  Y+36° 
Lambdam=  5.  1 0mu  Lambclar=  4 . 90mu 

Km=l  .  1  178E:-03  Kr  =  1 . 2604E-^03  NU»  l->  59 


^ . 97693E408 


4.96790E+00 


M .  Km=  1.61  58E+03  M  .  Kr  —  1  .  82  1 8E+03  NU—  25  Fig.  6a  :  Grooved  resonator 


Fig.  5 ; 

Graphical  determination  of  resonant  frequency 


Thick. =1000  A  RLUyQURRTZ  Y+3B° 
Lambdam=  5 . 1 0mu  Lambdar=  4.90mu 
M.Km=l .615BE  +  03  M . Kr -  1 . 82 1 8E  +  03  NU=  l->  59 


4.  Simulation  results 

Simulations  using  the  algorithm  described  in  Sec.  3 
will  be  presented  here,  obtained  with  the  following 
nominal  parameters 

-  nonpiezoelectric  approximation  for  quartz,  Y+36° 
cut  (convention  on  cut  angles  according  to  [  1 51) 

-  operating  frequency  close  to  500  MHz 

-  metal  thickness  or  groove  depth  :  1  000  A 

-  periodicity  of  mirrors :  5.1  pm 

-  periodicity  of  cavity ;  4.9  pm 
constants  of  Y  +  36°  quartz  :  p  =  2  650  kg/m3 
Cee  =  2,895XlO'oPa  Cerr=  6.830xl0i0Pa 
Vs  =  5  070  m/s 

metal  A€  +  4%Cu  p'  =  2  695  kg/m3  Vm  =  3  046  m/s 


Fig.  6b  :  Metal  strip  resonator 

Influence  of  number  of  elements  inside  cavity 
on  the  resonant  frequency.  Resonant  frequencies 
in  the  upper  part  of  stopband  are  not  of  practical  use 
due  to  radiation  losses  of  the  device. 


b)  Influence  of  different  design  parameters 

Based  on  nominal  parameters  exposed  before,  a  metal 
strip  resonator  design  with  25  grooves  inside  cavity 
exhibits  sensitivity  to  different  parameters. 
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*  a  scaling  factor  applied  to  both  geometrical 
dimensions  Ar  and  Am  will  scale  resonant 
frequency  by  the  same  factor. 

*  metal  thickness  changing  from  1  000  A  to  800  A 
will  increase  resonant  frequency  by  900  ppm. 

*  changing  cut  angle  from  36°  to  37°  decreases 
resonant  frequency  by  2  000  ppm,  but  as  mentioned 
in  [4,  6]  the  most  important  effect  of  changing  cut 
angle  is  changing  turnover  temperature  of  the 
device. 

5.  Comparison  with  already  published  data. 

New  experimental  results 

a)  Corrections  to  the  nonpiezoelectric  approximation 

Comparison  of  frequency  ranges  predicted  by  the 
model  (Fig.  6)  for  a  500  MHz  device  with  already 
published  data  [4]  shows  that  predicted  operating 
frequencies  are  lower  'han  observed  experimentally. 
A  reason  to  this  may  be  found  in  the  nonpiezoelectric 
approximation  used  here,  predicting  SSBW  velocity 
V.s  =  5  070  m/s  for  Y  +  36°  quartz  cut,  while  experi¬ 
mental  value  given  by  Lewis  [16]  is  5  099  m/s,  very 
close  to  the  value  given  by  classical  piezoelectric  bulk 
mode  analysis.  To  take  into  account  this  increased 
value  (by  0.5  %)  for  V,,,  an  attempt  was  made  by 
simply  changing  value  of  V,  and  Cgff  =  p  in  all 
formulae  used  in  the  simulation,  and  a  better 
agreement  between  theory  and  experiment  was  found 
for  new  metal  strip  resonators  (see  below  sec.  5c). 


b)  Influence  of  metal  thickness :  comparison  with 
Avramov's  results  fWi 

A  systematic  investigation  of  the  influence  of  metal 
thickness  is  presented  by  Avramov  [10]  on  620  MHz 
metal  strip  STW  resonators  on  (Y  +  36°)  quartz.  To 
simulate  the  behavior  or  such  a  device,  the  following 
inputs  were  used  in  our  simulation  program, 
mirror  periodicity  A^  =  4.1  pm 
acoustic  wavelength  Aa  =  8.2  pm 
resonator  periodicity  A^  =  4.05  pm 
number  of  strips  inside  cavity  :  1 1 
quartz  SSBW  velocity  :  5  099  m/s 

Table  1  compares  experimental  values  of  frequency 
shifts  with  predicted  results. 


Metal  thickness 
h/Aa 

Experimental 
[10]  frequency 
shift  (Fo-F)/Fo 
(ppm) 

Predicted 
frequency  shift 
(Fo-F)/Fo(ppm) 

1  % 

2  000 

1  850 

1.3% 

3  000 

3  200 

1.6% 

4  000 

4  800 

2.% 

6  000 

7  600 

2.5% 

12  000 

12  000 

The  main  effect  of  changing  metal  thickness  is  to 
reduce  the  frequency  range  between  the  lower  edge 
and  middle  of  stopband,  and  does  not  affect 
significantly  the  relative  position  of  the  resonance 
inside  stopband.  This  will  explain  why  STW 
resonators  can  be  trimmed  by  metal  etching  without 
changing  their  characteristics.  However  important 
changes  of  metal  thickness  will  significantly  affect 
the  Q-factor  value  [10],  and  this  is  not  taken  into 
account  in  the  present  model. 

c)  Results  obtained  on  500  MHz  metal  strip  resonators 

Metal  strip  resonators  were  fabricated  and  tested 
according  to  the  design  curve  of  Fig.  6b.  Three  sets  of 
devices  were  fabricated  on  Y  +  37“  quartz  with 
respectively  25,  31  and  37  strips  inside  cavity.  Device 
with  37  strips  did  not  exhibit  any  usable  resonance 
peak,  and  preliminary  results  obtained  on  the  first 
prototypes  with  25  and  31  strips  are  listed  on  Table  2. 
Aluminum  thickness  was  1  100  ±  50  A,  A„,  =  5.1  pm 
Ar  =  4.9  pm. 


Number  of  strips  inside 
cavity 

25 

31 

Predicted  frequency 
(non  piezo) 

Vs  =  5  066  Vm  =  3  046 
(MHz) 

495.386 

496  010 

Corrected  value  of 
predicted  frequency 

Vs  =  5  092  Vm  =  3  046 
(MHz) 

497  679 

498  449 

Experimental 

frequency 

(MHz) 

497.737 
±  0  014 

498037 
±  0  010 

Unloaded 

0  factor 
(experimental) 

6  90  ±0  61 

X  103 

2  981008 

X  103 

Insertion  losses 
(experimental) 

(dB) 

9.1  ±  0.4 

11  4  ±  0  2 

Table  2  :  Comparison  of  predicted  values  of  frequency 
with  experimental  results  on  metal  strip 
STW  resonators 

Mean  value  and  standard  deviation  of  experimental 
data  are  obtained  from  a  set  of  four  devices 


These  results  clearly  show  the  influence  of  a  correct 
position  of  the  resonant  frequency  inside  stopband, 
best  values  of  Q  factor  and  insertion  losses  being 
obtained  at  lower  edge  of  stopband.  Corrections  to  the 
nonpiezoelectric  model  by  simply  changing  values  of 
Vs  give  a  better  agreement  between  theory  and 
experiment  ;  but  the  question  is  to  know  a  correct 
value  for  V m,  metal  properties  depending  on  the 
deposition  process. 


Table  1 ;  Influence  of  metal  thickness 
on  a  620  MHz  metal  strip  resonator. 
Reference  frequency  Fo  corresponds  to  h/Au  =  0.4  % 
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Frequency  response  of  a  resonator  with  cavity  length 
of  25  stri ps  is  shown  on  Fig.  7. 


Fig.  7  ;  Measured  frequency  response 
for  STW  resonator  with  cavity  length  of  25  strips. 


Conclusion 

The  model  presented  here  allows  a  systematic 
investigation  of  the  influence  of  design  parameters  on 
the  resonant  frequency  of  STW  resonators.  Operating 
at  lower  edge  of  stopband  to  ensure  high  Q  and  low 
loss  has  been  pointed  out  as  one  of  the  most  important 
requirements  for  STW  resonators. 

The  reason  is  that  energy-trapping  effects  vanish 
when  resonant  frequency  falls  in  the  upper  part  of 
stopband.  Careful  choice  of  geometrical  parameters 
(groove  pitch,  cavity  length)  are,  a  priori,  required  in 
the  design,  but  resonant  frequency  can  be  trimmed  by 
changing  rnetal  thickness  without  altering  other 
characteristics  of  the  device.  The  importance  of  taking 
piezoelectricity  into  account  was  recognized  for  better 
precision.  In  its  present  form  the  model  can  be 
extended  to  any  combination  of  groove/metal  strip 
gratinp  that  could  be  required,  for  example,  to 
control  precisely  temperature  behavior  of  a  STW 
resonator. 
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Abstract 

Results  from  a  1  C21z  voltace  controlled 
oscillator  (VOO)  stabilized  with  a  novel  3-pola 
conblnad  mode  resonator  filter  (CIAF)  usina 
surface  skininc  bulk  waves  (SSBV)  and 

Bleustein-Gulyaev  waves  (BGV)  are  presented. 
Fabricated  on  rotated  Y-cut  quartz  the  ClfitF  can 
handle  more  than  2W  of  power  on  a  substrate  area 
2 

of  3  on  .  has  a  typical  insertion  loss  of  5-7  dB, 
a  1  dB  bandwidth  of  0 . 17X  and  a  bandpass  ripple 
within  1  dB.  The  smooth  phase  response  around 
its  center  frequency  allows  linear  tuninc  of  the 
VOO.  Cooipared  to  a  surface  acoustic  wave  coupled 
resonator  filter  (SAWCRF)  the  CMtF  has  a  3-4 
times  larger  fractional  bandwidth  and  about  5 
times  lower  group  delay  which  makes  it  ideal  for 
wideband  frequency  modulation  (FM)  applications. 
The  CUBF  stabilized  VOO  can  transmit  more  than 
200  KBits/s  when  square  wave  modulated.  Vhen  sine 
wave  modulated  the  3  dB  frequency  deviation  drop 
occurs  at  100  KHz.  Design  details  are  described 
and  possible  aK>lications  are  discussed. 


Introduction 

Shear  horizontal  surface  waves  were  first 
postulated  by  A.E.H.  Love  to  explain  seismic  data 
[  1  ] .  Guiding  of  shear  horizontal  waves  on  a 
substrate  surface  by  surface  corrugation  and  by 
metallic  gratings  was  demonstrated  by  B.A.  Auld  et 
al .  in  1976  [2].  Coupling  to  bulk  shear  transverse 
waves  on  piezoelectric  substartes  with  interdigital 
transducers  (IDT)  for  device  applications  was 
investigated  by  Yen  et  al.  [3]  and  by  Browning  and 
Lewis  [4]  in  1977.  These  waves  were  referred  to  as 
shallow  bulk  acoustic  waves  (SBAW)  or  surface 
skinming  bulk  waves  (SSBW) .  Since  that  time  the 
interest  in  these  waves  has  been  Increasing 
because,  compared  to  surface  acoustic  waves  (SAW), 
they  have  some  significant  advceitages  for  device 
applications.  These  are;  1.6  times  higher 
propagation  velocity,  increased  power  handling 
capability,  decrecksed  surface  sensitivity  and 
superior  aging,  higher  intrinsic  material  Q  and 
lower  device  phase  noise. 

Propagation  of  SSBW  under  oietal  strip  gratings 
has  been  investigated  in  earlier  work  [5],  [6], 
(7],  It  is  well  known  that  periodic  transducer  and 
grating  metal ization  on  rotated  Y-cut  quartz  can 


drastically  change  the  nature  of  the  wave, 
converting  it  from  a  bulk  wave  to  a  guided 
Bleustein-Gulyaev  wave  (also  called  surface 
transverse  wave  (STW)  l6]),  which  is  a  surface  wave 
in  nature  [5].  At  the  Brag  frequency  of  the 
grating  the  coupling  of  the  SSBW  and  the  BGW  and 
the  difference  between  their  propagation  velocities 
can  be  predicted  by  carefully  selecting  the 
effective  metal  thickness  and  the  number  of 
transducer  finger  pairs  [5].  Below  the  cutoff 
frequency  of  the  grating  the  BC  .  ,s  closely  trapped 
to  the  surface  and  propagates  without  or  with 
negligible  diffraction  into  the  bulk  [6].  In  1987 
this  phenomenon  was  successfully  implemented  in 
two-port  resonators  by  Bagwell  and  Bray  who 
demonstrated  500  lAiz  STW  resonators  with  unloaded  Q 
of  about  12000  and  insertion  loss  of  5.5  dB  [8], 

This  paper  presents  design  details  and  results 
from  a  novel  combined  mode  resonator  filter 
recently  reported  in  [9].  Its  design  and 
configuration  are  very  similar  to  a  two-port 
synchronous  IDT  SAW  resonator  (lO]  but  the 
frequency  response  in  the  filter  passband  is  formed 
by  two  BGW  cavity  modes  and  one  SSBW  resonant  mode 
which  are  excited  with  equal  magnitudes  and  a 
predicted  frequency  displacmnent .  The  result  is  a 
three  pole  Chebychev  tyi>e  resonator  filter  with 
higdi  power  handling  ability,  low  insertion  loss, 
increased  fractional  bandwidth,  and  extreeoiely  low 
group  delay  which  makes  it  very  suitable  for  VCO 
with  wideband  Fill  capabilities,  low-noise 
oscillators  operating  at  hiid^  loop  power  levels  and 
transceiver  front-end  applications  . 


Modelling  and  Design  of  the  CtBF 

As  shown  by  Lee  in  1980  the  difference  between 
the  velocities  of  the  BGW  and  SSBW  propagating 
under  a  periodic  structure  ( IDT  or  reflector 
grating)  is  caused  by  mass  loading  and  depends  on 
the  crystal  orientation  [5].  It  was  found  that 
this  effect  is  sufficiently  strong  for  36  rotated 
Y-cut  quartz,  a  cut  which  is  very  well  suited  for 
device  applications  for  its  superior  temperature 
stability  and  high  SSBW  propagation  velocity.  The 
normalized  deviation  in  the  BGW  velocity  (Av/v) 
from  the  SSBW  velocity  at  cutoff  for  this  cut 
depends  on  the  mass  loading  as  follows; 

(Av/v)/(h^^/X)^  =  16  (1) 
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wh«r«  X  is  the  acoustic  wavelenath  and  h  is  the 

effective  netal  thickness  which  is  the  real 
thickness  h  tiaes  the  aetall ization  fill  factor  ■. 

The  acoustic  radiation  froa  the  lOT  consists 
of  two  coai>onents,  one  related  to  the  SSM 
radiation  and  the  second  one  associated  with  the 
BGW.  As  shown  in  [5]  the  values  of  both  radiation 
resistances  R___„  •"<1  depend  on  the  aumbmr  of 

oolfV  BGW 

finger  pairs  N  in  the  lOT  and  (Av/v),  which  in  turn 
is  a  function  of  the  aass  loading  as  shown  by 
equation  (1).  The  relationship  between  both 
radiation  resistances  and  the  paraaeter  N<Av/v). 
derived  in  [5],  is  shown  in  Fig.  1. 


NUV/V) 


Fig.  1.  Radiation  resistance  dependence  on 
■ass  loading  and  lOT  length. 

It  is  evident  that  R_„„„  decreases  with  increased 
SSBW 

mass  loading  and  nmber  of  finger  pairs  while  R-.„ 

BGW 

behaves  in  the  opposite  Banner.  Mass  loading  and 
increased  nwber  of  IDT  finger  pairs  is  to  favor 
excitation  of  BGW  at  the  expense  of  SSBW.  As 
evident  froa  Fig.  1.  both  radiation  resistances 
become  equal  f or : 


N(Av/v)  =  0.045  (2) 


According  to  equation  (1),  this  is  valid  for  a 
large  nixaber  of  N  and  coabinations  idiich 

offers  a  great  design  flexibility. 

The  basic  idea  of  this  work  is.  using  a  sinple 
two-port  resonator  configuration,  to  obtain  the 
frequency  response  of  a  three-pole  Chebychev  type 
resonator  filter  using  SSBW  and  BGW  cavity  nodes 
with  equal  magnitudes  and  predicted  difference  in 
frequency.  It  is  well  known  that,  by  altering  the 
effective  cavity  length  of  a  two-port  resonator,  it 
can  be  designed  to  support  one,  two  or  more  cavity 
resonant  modes  with  a  defined  distance  in  frequency 
between  them  [19].  Here  such  a  configuration  was 


designed  to  support  two  BGW  cavity  modes  with  equal 
magnitudes  which  determine  the  bandwidth  of  the 
filter.  There  is  always  a  large  dip  between  these 
■odes.  It  has  to  be  compensated  for  in  order  to 
obtain  a  flat  passband  response.  This  is 
accomplished  by  exciting  an  SSEW  mode  with  the  same 
magnitude  as  the  BGW  modes  right  in  the  middle 
between  them.  As  discussed  above,  this  is  possible 
by  properly  selecting  the  number  of  IDT  finger 
pairs  and  the  effective  metallization. 

The  CMRF  schematic  layout  considered  here  is 
shown  in  Fig.  2. 


Fig.  2.  CMRF  schamatlc  layout 

It  is  a  tjrpical  two-port  synchronous  IDT  resonator 
configuration.  The  resonant  peak  in  such  a  design 
occurs  below  the  center  frequency  of  the  grating 
stopband  [10]  which  ensures  proper  guiding  of  the 
BGW  [6].  A  grating  between  both  IDT  with  a  period 
sli|d>tly  lower  than  the  trans<kicer/ref lector  one, 
keeps  the  BGW  tightly  bound  to  the  surface  when 
propagating  between  the  IDT  [7],  [8]. 

Since  BGW  are  surface  waves  in  nature,  the  BGW 
response  of  the  device  in  Fig.  2.  can  readily  be 
analyzed  using  Coupling-of -Modes  (CXM)  theory 
applied  to  SAW  devices.  This  analysis  was  performed 
by  means  of  a  COM  software  that  has  been  initially 
developed  for  modelling  SAW  unidirectional 
transducers  aixi  resonators  [11].  Here  it  was 
modified  to  analyze  BGW  two-port  resonator 
configurations.  The  parameters  used  in  the  (XM 
algorithm  were  altered  till  very  good  agreement 
between  theoretical  and  expe.'ienntally  obtained 
results  from  test  devices  was  achieved.  This 
codified  OCM  analysis  software  was  used  to 
synthesize  the  1  GHz  CMIF. 

The  design  goal  was  a  CMflF  with  a  center 

frequency  f  =  1000  ±  1  MHz,  a  1  dB  bandwidth  of 
o 

1.6  ISlz  (0.16X)  and  an  insertion  loss  of  less  than 
8  dB.  In  order  to  achieve  the  desired  bandwidth  two 
BGW  cavity  nodes  have  to  be  excited  with  a 
difference  Af  of  about  1.2  Wz  (0.12X)  between 

BGW 

each  other.  The  next  step  is  to  determine  the 
number  of  IDT  finger  pairs  so  that  one  SSBW  node 
occurs  about  600  KHz  (0.06X)  higher  than  the  left 
BGW  peak.  From  (2)  it  follows  that  for  Av/v  =  0.06X 
the  necessary  N  value  is  75.  According  to  (1)  the 
corresponding  value  is  0.61X  which  can  be 

realized  with  hA  =  1.5X  and  a  =  0.4.  The  design 
procedure  for  this  case  is  Illustrated  in  Fig.  3. 
It  shows  theoretically  predicted  BGW  frequency 
responses  for  different  values  of  the  IDT  distance 
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L  which  detwraims  the  cavity  lencth  [19].  First  L 
is  roushly  selected  to  aset  the  requireasnt  for  the 
BGV  aode  distance.  Then  it  is  altered  by  sawkll 
parts  of  1  till  both  mdes  achieve  the  same 
■asnitude.  As  evident  froa  Fis.  3  this  is  obtained 
for  L  =  6.445X, 


If  a  hish  Q  single  node  resonator  is  desired 
an  L  value  should  be  chosen  so  that  the  resonant 
peak  is  placed  naxiaally  to  the  left  of  the 
stopband  canter  frequency  while  other  cavity  nodes 
are  well  enoush  suppressed  [6],  [8].  Obviously  here 
this  is  the  case  for  L  =  6.29X. 


L  ^  6.29  •  lambda 


L  -  6.445  '  lambda 


L  =  6.60  *  lambda 


Frequency  /  MHz 

Fi«.  3.  Theoretically  predicted  BGV  responses 
for  different  L-values. 


Two  dozen  devices  were  fabricated  on  36* 
rotated  Y-cut  quartz  in  a  standard  sinsle  step 
photolithocraphic  process.  Test  devices  were  first 
'■•elized  for  a  randon  center  frequency.  Their 
characteristics  were  aeasurad  in  order  to  detamine 
the  equivalent  propacation  velocities  of  the  BGV 
and  SSEn  nodes  under  the  QBF  conf  isuration.  Then  a 
■ask  correction  was  perforwd  to  achieve  the 
desired  center  frequency.  The  desisn  paraneters 
are  suMarizad  in  Table  1. 

Fif.  4a  shows  the  theoretically  predicted 
position  of  the  SSEV  resonant  node  thr.t  is  expected 
to  flatten  the  dip  betwewi  both  BGV  sKides  forninc  a 
Chebychev  type  passband  response. 


L  =  6.445  *  lambda 


UKRl  2491 : I.OOOezOHi 

A(«i:H4eTD  -4.I04B  9*9/ 

8l«t:PHA3e  -4.4d*(  BOd*!/ 


Fic.  4.  Coaiiarison  between  tbeoretioally  predicted 
and  exparlaental  CMiF  ofanracterlatlcs . 

a)  Predicted  position  of  SSBV  node, 
vertical  uls:  Insertion  Loss  /  dB 

b)  Frequency  response  (upper  ourva)  and 
phase  response  (lower  ourve)  of  a 
typical  exporlnanted  CMF. 
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The  comparison  with  the  experimental  QfilF  frequency 
response  (upper  curve  in  Fig.  4b)  indicates  a  very 
Kood  acreement  between  theory  and  experiment. 


•■ipple  (see  Fig,  4  in  19])  This  ’ow  loss  is  very 
essential  for  receivei'  front  end  applications 


Table  1 .  CMRF  desicn  parameters 


Design  fbrameter 

1  CHz  CURF 

Number  of  BGW  cavity  modes 

2 

Ncmiloer  of  strips  per  reflector 

900 

Number  of  finger  pairs  per  ICT 

75 

Number  of  center  grating  strips 

12 

Reflector/transducer  period 

2.532  ite 

Wavelength 

5.064  14a 

Period  of  center  grating 

2.4  tim 

Acoustic  apperture 

100  X 

Metallization 

760A  (A1+4XCU) 

Equivalent  SSBW  velocity 

5064  m/s 

Actually  a  second  SSBW  cavity  mode  should  be 
expected  to  appear  about  0.06X  higher  than  the 
right  BGW  ande.  However  this  SSBW  mode  will 
strongly  diffract  into  the  bulk  since  it  is  on  the 
steep  right  slope  of  the  grating  stop  band 
characteristic.  This  explains  its  absence  on  the 
the  experimentally  obtained  plot  in  Fig.  4b. 

Fig  4b.  shows  the  frequency  and  phase  response 
of  a  typical  CKRF.  The  Chebychev  type  passband 
characteristic  is  clearly  visible.  The  phase  slope 
over  the  entire  1  dB  bandwidth  is  about  180  .  a 
fact  of  great  practical  importance  for  low-cost 
oscillators.  Unlike  STW  resonator  oscillators  that 
liave  only  90  phase  shift  over  the  3  dB  resonant 
bandwidth,  an  oscillator  stabilized  with  a  CMRF 
does  not  need  additional  phase  shift  to  set  the 
phase  condition  for  oscillation.  If  necessary, 
reversing  the  CMRF  bond  ^eads  is  sufficient  to 
start  oscillation.  In  this  respect  the  CMRF 
behaves  exactly  as  a  two-pole  SAW  coupled  resonato'* 
filter  (CUF)  [12]  but  its  1  dB  bandwidth  is 
typically  3-4  times  larger  while  the  group  delay  is 
about  5  times  lower  which  is  due  to  the  third 
Chebychev  pole.  This  is  evident  from  Fig.  5  which 
shows  the  CMRF  passband  and  group  delay  behavior  in 
detail.  The  group  delay  at  the  center  frequency  is 
only  180  ns.  A  1  GHz  STTW  delay  line  with  this 
group  deleiy  would  have  at  least  20  dB  insertion 
loss.  Th"  OffiF  in  Fig.  5  has  an  insertion  loss  of 
only  5 . 9  dB  while  the  1  dB  bandpass  ripple  does  not 
exceed  1  dB.  As  a  matter  of  fact  the  lowest  loss 
achieved  with  a  CMIF  device  was  2.9  dB  [9]  which, 
to  the  best  of  the  author's  luiowledge,  is  the 
lowest  loss  accomplished  with  an  STW  or  SSBW  device 
to  date.  In  this  device  the  low  loss  was  obtained 
using  thinner  metallization  and  at  the  expense  of 
smaller  device  bandwidtii  and  higher  out  of  band 


Other  Useful  CMRF  F*roperties 


MKR I  2X9 1 : 1 . 0006540H2 

A(»):MA0T0  -5.90dB  IdB/ 

8l«):0t.Y  laOn*  200ii«/ 


Fig.  5.  Detailed  frequency  response  and  group 
delay  CWF  characteristics. 


Fig.  6  is  the  wide  band  frequency  response  of 
the  CMRF  over  a  frequency  span  of  2  GHz.  It  is 
evident  tliat  the  filter  suFg>resses  all  upper  UHF 
channels  (below  860  MHz)  by  i20  dB  which  is  anuther 
useful  c)iaracteristic  for  receiver  front  enus . 

mat  250i:  1.001 95CHi 

AI*):MA0TD  -4. 3*d3  5dB/ 


Another  respectable  feature  of  the  CMRF  is  its 
high  power  handling  capability.  According  to 
Bagwell  and  Bray  the  highest  peak  stress  component 
in  an  STW  resonator  is  the  shear  stress  T^^,  where 

1  is  the  propagation  direction  (normal  to  x)  and  2 
is  normal  to  1  in  the  substrate  plane  18].  For  STW 
resonators  on  36  rotated  Y-cut  quartz  with  a 
propagation  normal  to  x  T^^  can  be  calculated  using 

following  equation: 


•T.,1 

12  p 


2050^^ 


Q  X 
L  D  W 


(3) 
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wh«ra  Q  is  the  device  unloaded  quality  factor,  P. 

O 

is  the  pover  dissipated  in  the  device,  ^  is  the 
acoustic  save  lencth.  and  L  are  the  acoustic 
width  and  effective  cavity  lencth  respectively  and 
D  is  the  effective  penetration  dept  into  the 
substrate.  With  Q  =  960,  X  =  5.064  Pa,  W  =  lOOX,  L 
=  (f  /2Af  )X  =  385X  and  assuainc  that  DA  =  0.75 

O  bCV 

[81,  for  P.  =  t33  dBa  (2Wl  a  peak  stress  value 

d 

It  I  =  1.044  *  10*  N/a^  is  obtained.  This  stress 
iz  p 

is  Buch  lower  than  the  decradation  peak  stress 

value  of  2.8  »  10*  N/a^  for  SAW  resonators  with 
Al-Cu  aetallization.  In  fact  the  device  in  Fig.  5 

2 

which  occupies  a  substrate  area  of  about  3  aa  ,  was 
operated  with  an  incident  power  of  >33  for  a 

period  of  5  days.  No  aeasurable  perforaance 
degradation  was  observed.  This  high  power  handling 
capability  of  the  CISIF  could  be  of  great  practical 
importance  in  the  design  of  oscillators  with  high 
loop  power  and  extremely  low  noise  floor.  As  shown 
by  Parker  the  noise  floor  of  stable  feedback-loop 
oscillators  is  expressed  by  following  term  [13]; 


(f)  =  10  log  (2GFTCT  /  P  ) 


(4) 


where  G  is  the  compressed  power  gain  of  the  loop 
amplifier,  F  is  the  amplifier’s  noise  figure,  T  is 

the  temperature  in  ^K,  K  =  1.38054  *  10  Ws/K  is 

the  Boltzaann's  constant  and  P  is  the  carrier 

o 

power  level  at  the  amplifier  output.  With  G  =  4  (6 
dB).  F  =  2.5  (4  dB),  T  =  300K  and  P  =  2W  the 

O 

oscillator  would  have  a  theraal  noise  floor  of  194 
dBc/Hz  which  would  be  an  iaproveaient  of  10  dB 
compared  to  the  best  SAW  oscillator  reported  to 
date  [14]. 


1  GHz  CWF  Based  Voltage  Controlled  Oscillator 


The  ClfilF  was  designed  to  meet  the  requireaents 
to  a  low-noise  temperature  stable  VOO  with  a  wide 
linear  tuning  reuige  and  good  FM  capabilities.  The 
FM  beuidwidth  of  SAW  resonator  oscillators  is 
limit  ted  to  a  few  KHz  because  of  the  very  high 
resonator  Q.  SAW  delay  line  oscillators  offer 
better  FM  capabilities  but  at  frequencies  around  1 
GHz  and  higher,  low  loss  and  small  group  delays  are 
difficult  to  achieve  with  delay  lines  on 
temperr*.  ture  stable  substrate  materials.  Single 
phase  unidirectional  transducers  (SFGDT)  are  an 
alternative  since  very  low  insertion  loss  ctm  be 
achieved  [20],  but  if  these  devices  are  fabricated 
on  quartz,  the  transducers  became  too  long  to 
ensure  small  group  delays.  As  it  will  be  shown 
below  the  CMRF  presented  hero  seeois  to  be  a  very 
good  solution  since  it  offers  low  loss,  low  group 
delay,  sufficient  bandwidth,  smooth  phase  response 
and  good  temperature  stability. 

To  test  the  advantages  of  CXfitF  in  VOU 
applications  one  of  the  devices  was  iaplemented  in 
the  oscillator  circuit  shown  in  Fig.  7.  It 


consists  of  two  broadband  single  stage  bipolar 
transistor  amplifiers  A1  and  A2,  a  CLC-type 
varactor  phase  shifter  and  a  buffer  amplifier  A3. 
The  phase  shifter  of  the  type  in  Fig. 7  is  known  for 
its  tuning  linearity  whan  used  in  a  SAW  resonator 
stabilized  VOO  [14].  Here  it  is  placed  between  A1 
and  A2  to  ensure  sufficient  isolation  from  the  QBF 
in  the  loop.  With  the  varactors  BBY  39  from 
Hiilips  this  phase  shifter  provides  a  linear  phase 
shift  of  about  60  which  is  sufficient  to  provide 
tuning  over  the  desired  frequency  range  of  t  400 
ppm.  The  gain  of  A1  and  A2  can  be  adjusted  in  wide 
limits  by  means  of  series  and  parallel  feedback 
resistors.  Here  the  total  loop  gain  was  adjusted 
so  that  the  gain  co^ression  did  not  exceed  6  dfi 
over  the  entire  tuning  range.  A3  stabilizes  the 
circuit  against  load  changes.  The  whole  oscillator 
circuit  is  realized  in  surface  aoisited  devices 
(SMD)  technology  on  a  miniature  printed  circuit 
board  and  sealed  in  a  standard  heraetic  dual-inline 
metal  package.  The  design  (uid  construction  of  the 
oscillator  circuit  are  described  in  detail  in  [15]. 


Fig.  7.  VOO  schematic. 


Fig.  8  is  the  volt/frequency  characteristic 
the  VCX)  over  the  whole  tuning  range. 
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Fig.  8.  Volt/frequency  VOO  characteristic. 
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It  is  S-shaped  «hich  aeans  that  it  follows  the 
phase  slope  chanse  of  the  CIW  phase  response.  As 
shown  in  Fig.  9  this  characteristic  has  a  linear 
part  of  about  350  KHz  in  which  extrenely  linear  FM 
data  transaission  is  possible.  In  fact  with  a  sifte 
wave  modulation  and  a  frequency  deviation  of  ±  100 
KHz  the  nonlinear  distortion  does  not  exceed  a  few 
tenths  of  a  percent.  This  value  was  measui ed  with 
modulation  frequencies  of  1...20  KHz. 
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one  in  the  VCX).  has  a  very  steep  phase  response  and 
converts  the  FH  sisnal  into  a  phase  modulated  (FM) 
sisnal .  The  latter  is  detected  bgr  the  mixer 
operatins  as  a  phase  detector,  all  higher  frequency 
mixer  products  are  filtered  by  a  low  pass-filter 
and  the  output  data  is  ccavared  with  the  sine  wave 
or  square  wave  signal  modulating  the  VCX).  The 
mechanical  line  stretcher  is  used  to  adjust 
quadrature  betmssm  the  mixer  arms  for  best 
linearity  and  highest  sensitivity.  The  detector 
was  tested  using  an  Fli  source  with  a  high  rate  FM 
capability  and  was  found  to  be  at  least  an  order  of 
magnitude  faster  than  the  VOO.  For  frequency 
deviations  of  up  to  1  100  KHz  the  nonlinear 
distortion  caused  by  the  detector  was  fotstd  to  be 
negligible. 

The  V(X>  was  first  modulated  with  a  sine  wave 
signal  from  a  low-distortion  audio  frequency 
source.  A  deviation  dF  of  ^  100  KHz  was  adjusted 

O 

at  a  very  low  modulating  frequency  (f_^  =  500  Hz). 

Then  the  modulating  frequency  was  increased  and  the 
amplitude  of  the  detected  sine  wave  at  the 
FM-detector  output,  which  is  proportional  to  the 
frequency  deviation,  was  evaluated.  The  results 
are  recorded  in  Fig.  11. 


12 


Fig.  9.  Linear  part  of  the  volt/fre<giancjr 
VCX)  characteristic . 


To  test  the  FM  capabilities  of  the  VOO  a 
simple  but  very  linear  and  sensitive  detector 
circuit  was  built.  Its  schematic  is  shown  in  Fig. 
10. 


1.0 


Group  delay:  200  ns 


Fig.  10.  1  GHz  FM-detector  circuit. 
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Fig.  11.  VOO  frequency  deviation  dependence  on 
modulating  frequency. 

It  is  evident  that  the  VCD  ability  to  track  the 
modulating  signal  decreases  with  modulating 
frequency.  This  is  due  to  energy  storage  effects 
in  the  CMRF.  The  3  dB  drop  in  deviation  (dF/dF  = 

O 

0.71)  occurs  at  a  frequency  of  100  KHz  idiich 

corresponds  to  about  50T  ,  iriiere  T  is  the  CIBF 

0  9 

group  delay  value  at  the  VOO  carrier  frequency. 


The  1  GHz  FM  signal  derived  from  the  frequency 
nodulated  VCD  is  applied  through  a  mechanical  line 
stretcher  to  the  reference  am  of  a  double 
bal lanced  mixer  and  then,  delayed  through  a  CWF, 
to  the  other  am  of  the  mixer.  The  OStF  which  has 
the  same  center  frequency  and  is  identical  to  the 


A  similar  experiment  was  performed  with  square 
wave  modulation,  however  here  the  rise  and  fall 
time  of  the  detected  pulses  was  evaluated.  Fig.  12 
is  a  comparison  between  the  modulating  and  the 
detected  pulses.  It  is  clearly  seen  that  the  VOO 
integrates  the  modulating  signal  in  a  very  similar 
manner  to  an  RC- integrator .  When  the  VCD  is  pulsed 
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the  frequency  deviation  increases  and  decreases 
exponentially  with  tine  accordinc  to  folloeins 
aquations: 

For  the  rise  tine; 


dF  =  dF  U  -  exp  (-t/T)]  (5) 

o 


and  for  the  fall  tine: 


dF  =  dF  exp  (-t/T)  (6) 

o 


where  the  tiae  constant  T  depends  on  the  QBiF  group 
delay  at  the  VCX)  carrier  frequency.  For  the  VOO 

experioanted  here  it  was  found  that  T  =  18t  = 

9 

3.6Us.  Assiaiinc  that  this  value  is  the  liait  for 
reliable  frequency  shift  keying  (FSK)  it  turns  out 
that  the  VOO  can  transait  FSK  signals  at  a  aaxiaua 
rate  of  276  KBits/s. 


Fig.  12.  Square  aava  aodulation  results 
horizontal  axis:  2  fis/div. 
upper  trace:  aodulatlng  signal,  500  aV/div. 
lower  trace:  detected  signal,  50  aV/dlv. 

The  FM  experiamts  described  above  were 
performed  also  with  a  767  IMz  VOO  that  was 
stabilized  with  a  high  Q  STTW  resonator  presented  in 

[16],  Here  T  was  about  6  tiaes  higher  than  in  the 
g 

CMIF-VOO.  The  results  are  compared  in  Table  2. 
This  table  ccxitains  also  results  froa  phase  noise 
aeasureaents  on  both  oscillators.  It  is  evident 
that  in  respect  to  FM  capabilities  the  dffiF-VOO  is 
at  least  10  tiaes  faster  than  the  STWR-VOO  although 
the  latter  has  6  and  not  10  times  hither  group 
delay.  The  difference  of  about  15  dB  in  flicker  FM 
noise  levels  between  the  two  oscillators  is  due  to 
the  group  delay  difference  between  the  STWB  and  the 
OAF  and  as  shown  in  [14]  can  be  calculated  using 
the  equation: 

AS^'(f)  =  10  log  (T^,  /  (7) 


where  t  and  t  are  the  group  delays  of  the  STTWR 
9  ■  9^ 

and  the  CMBF  respectively. 


Table  2.  Coaparison  ha  tween  the  767  Ms  high  Q 
Sm-VCn  and  the  OBF-VOO. 


Ihraaeter 

767  IMz 
STMH-VOO 

1  GHz 
dMF-VOO 

Group  delay  at  f 

O 

1.16  (is 

200  ns 

Loaded  Q  (Q  =  Kf  r  ) 

L  o  9 

2800 

630 

Sine  wave  f  at  3  dB 

a 

deviation  drop 

9.2  KHz 
(94  T  )■’ 

9 

100  KHz 
(51  t^)-’ 

Deviation  rise  and 

36  Ms 

3.6  Ms 

fall  tiae 

(31  T  ) 

9 

(18  T  ) 

9 

Phase  noise  suppression 

at  100  Hz 

at  1  KHz 

at  10  KHz 

away  froa  carrier 

83  dBc/Hz 
111  dBc/Hz 
>118  dBc/Hz 

67  (Mc/Hz 
97  dBc/Hz 
>118  dBc/Hz 

Fig.  13  shows  the  phase  noise  performance  of 
both  oscillators.  In  the  flicker  frequency  region 
both  graphs  are  parallel  and  show  the  trade  off 
between  VOO  phase  noise  perfonaance  and  FM 
capability.  The  system  noise  floor  is  118  dBc/Hz. 
Therefore  the  actual  phase  noise  suppression  value 
of  the  oscillators  for  10  KHz  offset  should  be 
hi^er  than  indicated  in  Fig.  13. 


Fig.  13.  Phase  noise  VOO  perforaance. 

upper  curve:  1  GHz  CWF-VOO 
lower  curve:  767  IMz  high  Q 

snm-voo 
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Fis  14.  shows  the  frequency  instability  of  the 
1  GHz  VCX)  with  teaperature. 


-50  -30  -10  10  30  50  70 
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Fis-  14.  Teaperature  dependence  of  the 
1  GHz  OBF-VOO. 


As  shown  in  [7]  and  [8]  the  turn  over  teaperature 
depends  not  only  on  the  quartz  cut  but  also  on  the 
inetal  thickness.  Since  the  latter  is  very 
important  for  the  whole  OBF  perfoneance,  first  the 
device  has  to  be  optimized  to  meet  the  electrical 
parameter  requireoients  and  than  the  turn  over 
temperature  has  to  be  adjusted  by  properly 
selecting  the  quartz  cut.  Here  this  was  done  by 
fabricating  tost  devices  on  four  different  cuts; 
36®  00'  ,  36°  20'  ,  36°  40'  and  37°  OO'  .  The  desired 
turn  over  teaiperature  of  40  C  was  obtained  with 
the  36°  40'  cut.  From  Fig.  14  it  is  evident  that 
the  total  teaperature  induced  frequmcy  shift  does 
not  exceed  ±  180  ppm  in  the  temperature  range 

(-45... +75  C)  which  is  ouch  less  than  the  tuning 
range  of  the  VOO.  This  fact  is  of  great  practical 
importance  for  wide  range  temperature  compensated 
oscillators . 


Summary  and  conclusioos 

It  has  been  shown  that  the  novel  coabined  mode 
resonator  filter  presented  here  is  very  well  suited 
to  high  performance  voltage  controlled  oscillator 
designs  with  excellent  Fll  capabilities  and 
respectable  i^iase  noise  performance,  offering  a 
large  area  of  novel  applications. 

At  the  Institute  of  Solid  State  Physics  in 
Sofia.  Bulgaria  the  VOO  presented  here  was 
successfully  implemented  in  a  local  area 
transceiver  for  transmitting  HiFi  sound  in 
buildings  using  1  QIz  Fll  channels.  Low-noise 
multiple  channel  reception  over  a  bandwidth  of  2 
MHz  was  performed  with  a  low-cost  double  conversion 
superheterodine  receiver  using  a  high  Q  1015  IMz 
STW  resonator  in  its  first  local  oscillator 
circuit.  With  a  transmitted  power  of  -16  dBm  (25 
MW).  coupled  from  the  VOO  output.  reliable 


reception  of  a  HiFi  so«jbm1  channel  with  a  stmdard 
200  KHz  FM  bandwidth  through  four  floors  in  a 
concrete  building  was  realized  [17]. 

For  another  application  the  CIBF  based  VOO  was 
implemented  in  a  temperature  cnaponsated  oscillator 
with  zero  warm  up  time  and  extremely  low  weight  and 
power  consumption  [18].  The  method  for  coanined 
analogue  and  digital  teaperature  compensation  used 
in  this  oscillator  was  realized  with  low-cost  CMOS 
circuits  keeping  the  power  constag>tion  of  the 
ccapensating  circuitry  within  5  nA.  A  total 
teaperature  instability  of  ±  1.4  pfs  over  the 
teaperature  range  (-45. . .+75  C)  wes  achieved  which, 
to  the  best  of  the  authors'  knowledge,  is  the  best 
result  reported  with  a  teaperature  compensated  SAW 
oscillator  so  far.  Detailed  results  from  these  two 
ai^lications  of  the  (3BF  based  VOO  are  being 
prepared  for  publication  and  will  be  reported  at 
the  5th  Conference  with  International  Ihrticipation 
"Acoustoelectronics’Sl"  to  be  held  in  Varna. 
Bulgaria  in  September  this  year. 

Several  1  GHz  QBF-VOO  were  fabricated  and 
tested.  Their  typical  performance  can  be 
summarized  as  follows: 

Characteristics  of  1  GHz  OBF 
stabilized  VOOs. 


Center  freqfuancy: 

1000  IBz 

Frequency  setting: 

± 

1000  ppm 

Tuning  range; 

± 

450  ppm 

Output  power: 

0  <flm 

Spectral  purity  at: 

10  Hz 

2 

30  <fflc/Hz 

100  Hz 

60  dBc/Hz 

1  KHz 

90  dBc/Ib 

10  KHz 

2 

120  dBc/Hz 

Harmonic  suppression: 

2 

40  dBc 

Supply  voltage: 

15  V 

Supply  current; 

20  aA 

Toning  voltage: 

0. .  .30  V 

Dimensions: 

35x28x6  mm 

FM  capabilities: 

Group  delay  of  the  CIBF : 

300  ns 

Frequency  offset: 

0...100  KHz 

Modulation  rate  at 
modulation  index  =  1: 

Square  wave: 

2 

200  KBits/s 

Sine  wave; 

2 

65  KHz 

Using  conventional  photolithography  such 
devices  can  be  fabricated  reproducibly  and  cost 
effectively  for  frequencies  up  to  1.6  Wz.  It  is 
the  author's  belief  that  they  could  find  a  variety 
of  applications  in  local  area  radio  networks 
(LARN) ,  portable  and  vehicular  coaaunioations. 
Further  work  is  required  to  improve  the  side  lobe 
suppression  and  to  determine  the  sensitivity  of  the 
CMRF  parameters  to  fabrication  tolerances. 
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ABSTRACT 

A  quadrature  balanced  amplifier  is  used 
with  a  four  pole  waveguide-coupled  resonator  filter 
to  form  a  feedback  oscillator. 

The  effects  of  emitter  degeneration  under 
large  signal  (non-linear)  conditions  are  examined. 
These  effects  govern  the  up-mixing  of  transistor  low 
frequency  (I/F)  noise  and  can  be  used  to  reduce 
close-in  amplifier  residual  phase  noise.  It  has  been 
found  that  a  well  designed  loop  amplifier  can  have 
lower  close-in  residual  fduue  noise  than  the  SAW 
filter  itself.  Further,  it  will  be  shown  that  degenera¬ 
tion  need  not  degrade  the  noise  floor. 

The  quadrature  amplifier  configuration 
permits  matching  and  gain  compression  without 
disturbing  the  loop  interface  impedance;  this  has 
proven  to  be  of  great  practical  advantage. 

Bias  noise  can  negate  the  best  of  efforts  to 
improve  spectral  purity.  A  low  noise  active  bias 
scheme  is  described. 

The  oscillator  is  power-efficient,  achieving 
80  dBc/Hz  at  10  Hz  offset,  with  a  SAW  drive  level 
of  -f-  II  dBm.  The  amplifier  is  biased  at  10  mA  per 
transistor. 

INTRODUCTION 

The  development  [1]  of  the  four-pole  wave¬ 
guide-coupled  resonator  filter  (RFW)  provided  an 
opportunity  to  design  a  high  performance  VCO  with 
enough  tuning  range  to  eliminate  the  use  of  ovens  in 
military  phase-lock  applications.  The  filter  has  a 
nearly  linear  phase  shift  of  230  degrees  over  its  1  dB 
bandwidth,  as  illustrated  in  Figure  1,  yet  the  ampli¬ 
tude  roll-off  precludes  n  point  ambiguity  in  the  fre¬ 
quency  of  oscillation.  The  band  center  group  delay 
is  3.6  pS. 

Power  density  limitations  prohibit  the  high 
RF  drive  levels  commonly  used  in  SAW  oscillators, 
however,  the  low  insertion  loss  and  high  loaded  Q  of 
the  RFW  make  high  drive  levels  unnecessary. 


Figure  1  Measured  response  of  the  waveguide-cou¬ 
pled  resonator  filter.  Note  low  insertion  loss  and 
phase  linearity. 


While  much  has  been  presented  [2]-[3]  about 
desirable  amplifier  characteristics,  there  remains  a 
paucity  of  information  about  the  design  of  amplifiers 
suitable  for  use  in  SAW  oscillators.  It  is  hoped  that 
this  work  will  provide  some  insight  into  sustaining 
device  design. 

AMPLIFIER  DESIGN 

The  fundamental  frequency  loop  gain  of  an 
oscillator  in  equilibrium  is  essentially  unity.  Practical 
start-up  considerations  demand  that  the  initial  (small- 
signal)  gain  be  greater  than  unity.  Because  there  is 
finite  power  available,  power  limiting  must  occur, 
mechanizing  gain  compression. 

At  this  point,  a  choice  must  be  made  be¬ 
tween  a  self-limiting  amplifier  and  some  form  of 
external  limiting.  It  can  be  shown  that  external  limit¬ 
ing  results  in  a  larger  degradation  of  the  noise  floor 
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than  self-limiting,  therefore  it  is  not  considered  fur¬ 
ther. 

It  is  well  known  that  collector  (voltage),  or 
output,  limiting  is  highly  undesirable  since  a  stored 
charge  is  developed  in  the  base  circuit  and  causes 
serious  noise  degradation.  Because  of  the  foregoing, 
input  (current)  self-limiting  is  the  logical  choice  for 
SAW  oscillators. 

The  non-linear  nature  of  a  self-limiting  oscil¬ 
lator  can  be  expressed  as  a  power  series  expansion 
of  the  voltage  or  current  transfer  characteristic.  The 
coefficients  of  the  second  and  higher  order  terms 
govern  how  much  1/F  (low  frequency)  noise  is 
mixed  with  the  carrier.  For  the  common  emitter 
amplifier  the  expansion  is  that  of  e*,  wherein  the 
ratio  of  the  second  and  higher  order  coefficients  to 
that  of  the  first  order  term  is  substantial  (.5,  .166, 
.042,  etc.).  The  relative  magnitude  of  the  higher 
order  coefficients  can  be  reduced  by  using  emitter 
degeneration  [4],  a  form  of  negative  feedback. 

Despite  the  reduction  in  up-mixed  noise, 
degeneration  is  not  a  panacea,  since  collector  current 
cut-off  each  carrier  cycle  becomes  the  non-linear 
process  mechanizing  power  limiting  and  gain  com¬ 
pression.  The  larger  the  ratio  of  small  signal  gain  to 
unity  loop  gain,  ie.  gain  compression,  the  larger  the 
non-linearity.  While  conducting,  however,  the  ampli¬ 
fier  is  more  linear  than  without  degeneration. 

To  further  complicate  matters,  degeneration 
degrades  the  amplifier  noise  figure.  It  remains,  then, 
to  try  to  find  a  good  compromise  between  excess 
gain,  the  amount  of  degeneration,  and  noise  figure. 
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Figure  2  Intrinsic  circuit  extracted  from  surround¬ 
ing  circuit  reactances. 

Consider  the  simple  circuit  in  Figure  2. 
Neglecting  emitter  circuit  reactance,  which  can  be 


canceled  at  the  operating  frequency,  this  can  be 
shown  to  be  the  intrinsic  circuit  embedded  within  the 
terminal  reactances  of  an  actual  device.  Since  Sho¬ 
ckley’s  equation  does  not  contain  frequency  vari¬ 
ables,  the  circuit  can  be  used  to  study  the  relative 
effects  of  gain  compression  and  degeneration.  The 
results  of  this  exercise  are  similar  to  those  of  Frer- 
king  [5].  The  differences  are  that  numerical  tech¬ 
niques  are  used,  thereby  avoiding  some  of  his  sim¬ 
plifying  assumptions,  and  that  the  results  are  com¬ 
puted  in  terms  of  gain  compression  rather  than  ter¬ 
minal  voltages  and  currents,  which  would  be  diffi¬ 
cult  to  use  at  UHF  frequencies. 

The  relationship  of  base  voltage  to  collector 
current  is  given  by, 

FT  / 

V.=—ln-^IR^  (1) 

‘’ll. 

Unfortunately,  for  Re  >  0,  a  closed  form 
solution  for  I,,  as  a  function  of  V),  does  not  exist. 
However,  inspection  reveals  that  this  relationship  is 
monotonic  and  therefore  is  amenable  to  numerical 
solution  by  a  binary  search  algorithm. 

While  a  polynomial  fit  to  1^  over  some  range 
of  currents  is  possible,  at  some  point  of  gain  com¬ 
pression  Ij  goes  to  zero  for  Re  >  0,  making  it  im¬ 
possible  to  fit  the  complete  voltage-current  transfer 
function  accurately.  Though  the  Fourier  coefficients 
of  I(.  are  not  equal  to  the  power  series  coefficients, 
they  are  related,  for  a  given  amount  of  gain  com¬ 
pression.  Thus  the  harmonic  content  of  I^  is  a  good 
indicator  of  trends  and  tendencies  in  the  up-mixing 
of  1/F  noise. 

While  space  doesn’t  permit  a  complete  de¬ 
scription  of  the  analysis,  it  roughly  parallels  Frerk- 
ing’s.  Essentially,  the  peak  value  of  is  inc¬ 
remented  from  a  very  small  fraction  of  the  quiescent 
value  of  Vjj.  As  V^j.  is  increased,  is  adjusted  to 
set  the  zero  frequency  Fourier  coefficient  of  1^  equal 
to  the  zero  signal  value  of  I^,  ie.,  the  quiescent  col¬ 
lector  current,  which  will  be  held  constant  by  the 
bias  circuits.  This  process  is  reiterated  for  each  new 
peak  Vgj.  The  gain  compression  is  simply  the  ratio 
of  the  zero  signal  transconductance  to  the  fundamen¬ 
tal  frequency  transconductance  for  a  given  peak 

Figure  3  is  a  plot  of  the  Fourier  coefficients 
of  Ic  versus  gain  compression  for  two  different  val¬ 
ues  of  emitter  degeneration. 
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COLUCTOR  CURRENT  n  COMPRESSOR  FOR  CONSTANT  1. 


Figure  3  Spectral  components  of  collector  current 
vs.  gain  compression  and  emitter  degeneration. 

Inspection  of  Figure  3  leads  to  several  im¬ 
portant  conclusions: 

1 . )  Emitter  degeneration  can  result 
in  substantially  lower  second  har¬ 
monic  content  for  a  given  degree  of 
gain  compression.  Thus  less  1/F 
noise  will  be  upmixed  to  the  carrier 
frequency. 

2. )  For  the  degenerated  case  illus¬ 
trated,  a  higher  output  level  is  ob¬ 
tained  than  in  the  undegenerated 
case,  for  less  than  3.5  dB  gain  com¬ 
pression,  thus  potentially  offsetting 
any  loss  in  noise  figure. 

3. )  In  any  case,  due  to  the  larger 
harmonic  content,  excess  loop  gain 
is  detrimental  to  low  close-in  resid¬ 
ual  phase  noise  and  should  be  kept 
to  a  minimum. 

4. )  There  is  less  fundamental  fre¬ 
quency  amplitude  variation  vs.  gain 
compression  with  degeneration, 
suggesting  better  amplitude  stability 
vs.  temperature  as  the  insertion  loss 
of  other  circuit  elements  change. 

Examination  of  the  collector  current  wave¬ 
forms  is  also  revealing,  as  illustrated  in  Figures  4 
and  S. 


Figure  4  Collector  current  waveforms  for  a  cosine 
wave  input,  used  to  compute  harmonics  at  1  dB  gain 
compression. 


Figure  5  Collector  current  waveforms  for  a  cosine 
wave  input,  used  to  compute  harmonics  at  3  dB  gain 
compression. 


Conventionally,  in  an  amplifier,  maximum 
output  power  is  obtained  with  symmetrical  limiting, 
and. 


Note  in  Figures  4  and  5  that  Ipe,jj  >  21^^, 
therefore  <  V^g/Ij,.,  assuming  is  constant 
with  frequency.  This  is  a  consequence  of  asymmetri¬ 
cal  limiting  (input  limiting  only)  as  compared  to 
symmetrical  limiting  (both  input  and  output  limiting) . 
One  concludes,  then,  that  there  is  less  power  avail- 
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able  than  suggested  by  the  static  load  line  represent¬ 
ed  by  Eq.  2. 

As  mentioned  earlier,  degeneration  degrades 
the  device  noise  figure  and  must  be  accounted  for  in 
an  evaluation  of  its  use.  Both  the  noise  current  and 
noise  voltage  must  be  identified  since  degeneration 
also  changes  the  optimum  source  impedance  of  the 
device. 

Figure  6,  below,  is  a  noise  model  of  a  bipo¬ 
lar  junction  transistor  (BJT)  [6]. 


4KrR^  *  ^ 

NF  =  10  log - se» - - 5_  (6) 


Figure  6  Noise  voltage  and  current  generators  in  a 
BJT  amplifier  with  emitter  degeneration. 


The  relationships  given  are  normalized  to  1 
Hz  bandwidth  and  are  reasonably  accurate  up  to  » 
F^/3.  The  term  e„  is  the  input  noise  voltage,  i^  the 
input  noise  current,  and  1^  is  the  optimum  source 
impedance.  Resistances  r^  and  r,  are  dynamic  im¬ 
pedances  and  are  noiseless. 

=  4inrr^*ll^)  *  2qIJr,*R^)‘ 

* 

r^/  =  base  spreading  resistance 
r,  =  KT/ql^ 


Note  that  the  above  relationships  are  ex¬ 
pressed  in  terms  of  real  resistance,  meaning  that  is 
assumed  that  the  circuit  node  represented  by  the 
input  to  the  intrinsic  circuit  has  been  tuned  real.  The 
reactance  in  series  with  the  emitter  is  not  considered 
(though  it  can  easily  be  added).  As  mentioned  earli¬ 
er,  it  is  a  simple  matter  to  cancel  (tune  out)  this 
reactance,  so  the  model  is  quite  useful.  Furthermore, 
in  practice,  it  has  been  found  quite  accurate  as  long 
as  the  base  is  tuned  real,  that  is  with  no  effort  to 
tune  out  the  emitter  circuit  inductance,  other  than 
keeping  the  leads  short. 

Examination  of  Eq.  3  reveals  the  primary 
effect  of  degeneration  on  the  noise  figure.  The  emit¬ 
ter  circuit  is  in  series  with  both  the  collector  and 
base.  While  the  open  circuit  noise  voltage  of  Rg  is 
a  noise  contributor,  the  second  term  in  Eq.  3  domi¬ 
nates.  Note  that  the  full  collector  shot  noise  is  in 
series  with  Rg  and  the  resultant  increase  in  input 
noise  voltage  is  the  primary  result.  At  the  same  time 
the  optimum  source  impedance  rises  significantly, 
since  the  input  noise  current  remains  unchanged. 

Recall  that  a  higher  noise  figure  is  much 
more  sensitive  to  noise  impedance  mismatch,  and 
will  depart  from  the  optimum  noise  figure  much 
more  rapidly,  than  a  lower  noise  figure.  Since  de¬ 
generation  raises  noise  figure  to  begin  with,  failure 
to  rematch  to  the  new  noise  impedance,  R^p,,  will 
compromise  the  design. 

There  is  little  relationship  between  R^p^  and 
Zjg.  This  is  one  of  the  reasons  a  balanced  quadrature 
amplifier  is  used.  A  conjugate  impedance  match  will 
result  in  a  poor  noise  figure.  The  only  way  to  make 
the  input  impedance  equal  the  noise  impedance  is 
through  the  use  of  negative  feedback,  a  considerable 
complication. 
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Table  I,  below,  is  for  a  high  quality  transis¬ 
tor  with  !(.  =  10  mA,  r^^’  =  lOQ,  Hpg  =  270, 

=  4  GHz,  andF  =  411  MHz. 


Table  I 


^opc 

NF  -dB 

0 

63.4 

1.4 

'•s 

78.6 

1.6 

r,xl0'^2 

118 

2.2 

r,xl0 

254 

3.9 

As  commonly  represented,  noise  figure  is  a 
small  signal  parameter.  To  assume  it  remains  the 
same  under  large  signal  conditions  is  erroneous.  The 
shot  noise  currents  are  governed  by  the  mean  bias 
currents  and  remain  constant  in  gain  compression. 
While  the  fundamental  frequency  transconductance 
reduces  in  gain  compression,  the  collector  shot  noise 
does  not,  therefore  the  large  signal  noise  figure  is 
higher  than  in  the  small  signal  case.  Conservative 
practice  is  to  consider  the  noise  figure  increased  by 
the  amount  of  gain  compression. 

With  a  knowledge  of  the  peak  collector  cur¬ 
rent  and  the  collector  to  emitter  voltage,  the  power 
available  without  output  (voltage)  limiting  can  be 
determined  from  the  maximum  load  resistance  and 
the  fundamental  frequency  collector  current. 


One  is  now  in  a  position  to  develop  a  figure 
of  merit  consisting  of  the  compressed  gain  power 
available,  compressed  gain  noise  figure,  and  the 
compressed  gain  harmonic  content.  Table  II  is  such 
a  formulation,  for  V(<£  =  10  volts  and  the  conditions 
given  for  Table  1.  The  ratio  of  the  compressed  pow¬ 
er  available  (without  output  limiting)  and  the  com¬ 
pressed  noise  figure  can  be  thought  of  as  the  maxi¬ 
mum  carrier  to  noise  ratio. 

As  shown  in  Table  II,  there  is  little  or  no 
degradation  of  the  noise  floor  with  degeneration,  yet 
the  second  harmonic  levels  can  be  reduced  by  up  to 
7  dB.,  meaning  the  frequency  translated  1/F  (base¬ 
band)  noise  can  be  reduced  by  a  similar  amount. 

Figure  7  is  a  simplified  diagram  of  the  quad¬ 
rature  amplifier. 


Figure  7  Quadrature  amplifier. 


The  collector  to  base  feedback  is  used  to 
trim  excess  gain,  since  the  use  of  feedback  will  not 


Table  H 


Degeneration 

73 

tn 

II 

O 

“  •’e 

Re  =  r^xl0''2 

===============ji 

Re  =  r^xlO 

Gain  Compression 

Max  CNR  -  dB 

2F  -  dBc 

1  dB 

181.3 

182 

182.2 

181.1 

12.3 

15.8 

18.1 

19.3 

2  dB 

181.8 

182.3 

182.1 

180.6 

9.2 

12.2 

13.3 

14.2 

3dB 

181.3 

181.8 

181.4 

179.8 

lA 

9.9 

11.1 

11.6 
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degrade  the  noise  floor  nearly  as  much  as  the  use  of 
attenuators  in  the  oscillator  loop. 

The  impedance  mismatch  of  the  amplifiers  in 
Figure  7,  is  isolated  from  the  other  loop  elements  by 
the  directional  properties  of  a  quadrature  hybrid,  as 
illustrated  in  Figure  8. 


Figure  8  Directional  characteristics  of  a  quadrature 
hybrid. 

As  long  as  the  reflection  coefficients  of  the 
two  loads  are  equal,  the  voltages  reflected  to  port  A 
will  cancel  since  one  reflection  experiences  a  net  180 
degree  phase  shift,  while  the  other  reflection  remains 
in  phase.  The  reflections  to  port  B  add  and  are  ab¬ 
sorbed  by  the  termination. 

Finally,  with  respect  to  the  amplifier,  it 
should  be  noted  that  the  quadrature  configuration  has 
3  dB  higher  CNR  than  illustrated  in  Table  11.  This  is 
due  to  the  fact  that  the  collector  noise  adds  as  a 
mean  square  while  the  collector  signals  add  algebra¬ 
ically  in  the  output  hybrid  illustrated  in  Figure  7. 


PHASE  SHIFTER 

The  oscillator  phase  shifter  also  employs  a 
quadrature  hybrid,  as  illustrated  in  Figure  9.  The 
tuned  circuits  exhibit  unity  reflection  coefficient  for 
all  frequencies  and  the  reflection  angle  changes  360 
degrees  as  the  frequency  varies  from  zero  to  infini¬ 
ty.  Likewise,  at  a  fixed  frequency,  the  reflection 
angle  changes  with  changes  in  the  resonant  frequen¬ 
cy.  While  finite  Q  and  parasitic  reactance  preclude 
a  full  360  degree  phase  shift  with  tuning,  a  control 
range  of  240  degrees  is  easily  achieved.  The  practi¬ 
cal  advantages  include  low  insertion  loss  and  low 


insertion  loss  variation  and  a  constant  interface  im¬ 
pedance  due  to  the  previously  discussed  properties  of 
the  quadrature  hybrid. 

a»UT  oumiT 


I 

Figure  9  Balanced  reflective  phase  shifter. 

BIAS  CIRCUIT 

Basically,  the  bias  circuit  consists  of  a  low 
noise  reference  diode,  itself  biased  operationally,  a 
DC  amplifier  with  unity  AC  gain,  and  a  low  noise 
operational  loop  around  the  RF  transistor,  as  illus¬ 
trated  in  Figure  10. 


tow  NOISE 
REnRENCEDIOOE 


Figure  10  Simplified  diagram  of  the  bias  circuit. 

The  common  mode  rejection  ratio  of  the 
operational  circuits  exceeds  110  dB.  Note  also  that 
the  already  low  reference  noise  appears  as  a  com¬ 
mon  mode  signal  to  the  second  operational  amplifier, 
therefore,  the  bias  noise  is  essentially  that  of  the 
second  amplifier  and  the  thermal  noise  of  the  resis¬ 
tors.  The  circuit  has  very  high  DC  loop  gain  and  the 
resultant  bias  stability  greatly  enhances  the  oscillator 
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amplitude  stability,  essential  when  working  with  the 
low  excess  gain  advocated. 

OSCILLATOR  PERFORMANCE 

Experiments  have  confirmed  that  degenera¬ 
tion  and  gain  compression  have  a  marked  effect  on 
close-in  phase  noise.  Excellent  performance  at  a 
modest  drive  level  has  been  achieved,  as  shown  in 
Figure  1 1,  below. 

•Ill  •'Wt  OjM  •  II-'  vS  1-;A  S'! 

(K„-  •04a»a  :>  ■«-:  «.• 


Figure  1 1  Close-in  phase  noise  of  a  quadrature 
oscillator  operating  at  411  MHz  and  +11  dBm. 

It  has  been  found  that  the  limiting  factor  in 
close-in  phase  noise  is  the  SAW  itself.  A  socketed 
board  was  constructed  to  permit  a  "plug  and  test" 
comparison  of  SAW  performance  using  the  same 
oscillator  circuitry.  This  was  possible  because  the 
variations  in  band  center  insertion  loss  and  insertion 
phase  were  insignificant.  Thetransfercharacteristics, 
including  group  delay,  for  each  filter  were  verified 
with  a  network  analyzer.  The  group  delay  variations 
were  also  insignificant  (approximately  1(X)  nS  out  of 
the  nominal  3.6  uS).  The  oscillator  phase  noise  at  1 
Hz  offset  varied  from  50  dBc/Hz  to  35  dBc/Hz. 
Subsequently,  the  residual  phase  of  the  filters  was 
measured  and  found  to  vary  by  a  similar  amount, 
from  140  dBc/Hz  to  125  dBc/Hz  at  1  Hz  offset. 
Finally,  the  residual  phase  of  the  amplifier  was  mea¬ 
sured.  This  proved  to  be  a  challenge  since  the  ampli¬ 
fier  operates  at  a  lower  level  than  that  required  by 
the  phase  noise  test  set. 

The  amplifier  residual  phase  noise  was  mea¬ 
sured  by  constructing  an  LC  coupled  resonator  filter 
and  attenuator  so  that  it  matched  the  insertion  loss  of 
the  SAW  filter.  A  short  phase  adjust  cable  was  used 


to  set  the  insertion  phase  to  be  equal  to  that  of  the 
SAW  filter,  then  the  total  insertion  loss  was  carefully 
measured  to  make  sure  the  gain  compression  would 
be  accurately  replicated.  Finally,  the  total  group 
delay  of  the  oscillator  loop  was  measured.  The  loop 
was  closed  and  the  phase  noise  measured  on  a  con¬ 
ventional  spectrum  analyzer.  With  a  knowledge  of 
the  loop  group  delay,  the  residual  phase  noise  was 
computed  from  the  closed  loop  phase  noise.  At  I(X) 
Hz  offset,  the  computed  residual  phase  was  169 
dBc/Hz,  which,  extrapolated  to  1  Hz  offset  at  10 
dB/Decade,  is  149  dBc/Hz. 

When  the  amplifier  residual  phase  is  convert¬ 
ed  to  oscillator  phase  noise  with  the  3.6  uS  group 
delay  of  the  SAW  filter,  the  calculated  oscillator 
phase  noise  is  56  dBc/Hz  at  1  Hz  offset,  supporting 
the  conclusion  that  the  SAW  filter  is  limiting  perfor¬ 
mance. 

It  was  not  possible  to  demonstrate  the  full 
potential  of  this  design  since,  at  the  time  these  test 
were  performed,  a  second  SAW  device  was  not 
available  that  had  the  performance  of  that  shown  in 
Figure  11.  Also,  not  having  411  MHz  isolators, 
buffer  amplifiers  were  used  to  prevent  injection 
locking,  thus  degrading  the  measurement  floor.  The 
noise  floor  computed  from  measured  noise  figure, 
gain  compression,  and  insertion  loss  is  177  dBc. 
Nevertheless,  the  performance  illustrated  in  Figure 
12  is  quite  good  for  a  low  power,  non-ovenized 
oscillator  operating  from  unconditioned  power  sup¬ 
plies. 


«ii  ’f>j  ounc  £>c  \-z  euro  s  ic 

3048n  C»rrt«r*  >41  Id  K«t  JlJt  ?  ■  R  P.  -  ?l  PliSP 


I'  f  CoBt  Mi  J  v3  f  vHz: 


Figure  12  Two  oscillator  phase  noise.  Note  indicat¬ 
ed  limit  on  noise  floor. 
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Figure  1 3  is  a  representation  of  the  complete 
oscillator. 


Figure  13  Simplified  diagram  of  the  quadrature 
oscillator. 

CONCLUSION 

The  four  pole-pair  waveguide  coupled  reso¬ 
nator  filter  has  been  introduced  as  a  frequency  con¬ 
trol  element.  Its  low  loss  and  high  loaded  Q  make  it 
particularly  attractive  for  use  in  power  limited  appli¬ 
cations.  In  furtherance  of  power  conservation,  the 
tuning  bandwidth  ol  the  RFW  eliminates  the  need 
for  ovens  in  phase  locked  sources. 

The  quadrature  balanced  amplifier  comple¬ 
ments  the  RFW  by  providing  constant  impedance  in 
both  small  and  large  signal  conditions.  Ainplifier 
impedance  matching  does  not  disturb  the  loop  inter¬ 
face  impedance.  The  quadrature  amplifier  also  pro¬ 
vides  a  3  dB  extension  of  the  individual  amplifier’s 
dynamic  range. 

Contributors  to  amplifier  residual  phase 
noise  have  been  identified  and  analyzed.  Means  to 
minimize  noise  up-mixing  have  been  described.  It 
has  been  shown  that  emitter  degeneration  need  not 
degrade  an  oscillator’s  noise  floor. 

A  phase  shifter  with  a  tuning  range  consis¬ 
tent  for  use  with  the  four  pole  RFW  has  been  pre¬ 
sented. 

A  low  noise  bias  circuit  has  been  introduced. 
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ABSTRACT 

Physical  properties  of  novel  grating  assisted  Y 
directional  couplers,  are  examined  using  the 
coupled  mode  theory .  A  general  formalism  for  the 
analysis  of  the  lateral  perturbed  Directional 
Coupler  properties,  is  presented.  Explicit 
expressions  for  waveguide  key  parameters  such  as, 
coupling  length,  grating  period  and  other 
structural  characterizations,  are  obtained.  The 
influence  of  other  physical  properties  such  as, 
time  and  frequency  response  or  cut-off  conditions 
are  also  analyzed.  A  plane  grating-assisted 
directional  coupler  is  presented  and  examined  as  a 
basic  component  in  the  integrated  acoustic 
technology. 

I.  INTRODUCTION 

The  analysis  of  a  perturbed  channel  waveguide 
plays  a  significant  role  in  the  design  of  Surface 
Acoustic  Wave  (SAW)  directional  coupler,  since 
channeled  waveguides  form  a  basic  building  block 
in  the  integrated  acoustic  technology.  The 
acoustic  directional  coupler,  analogous  to  the 
optical  or  the  microwave  element  of  the  same 
designation,  consists  of  two  or  more  parallel 
acoustical  waveguide  channels,  spaced  sufficiently 
close,  so  that  energy  may  transfer  from  one 
channel  to  another* ’ ^ .  Conventional  coupling  takes 
place  cumulatively  over  a  substantial  length,  only 
when  the  wo  acoustical  waves,  in  each  of  the 
adjacent  channels  propagate  with  the  same  phase 
velocity.  The  amount  of  energy  coupled  between 
these  two  channels  is  determined  by  the  modal 
overlap  of  each  of  the  modes  in  its  separate 
channel . ^ ^ 


The  integration  of  waveguides  and  distributed 
reflectors  for  integrated  acoustics  applications, 
have  been  studied  by  our  group. ^  Using  the  coupled 
mode  theory,  it  was  shown  that  a  periodically 
perturbed,  conventional  AV/l'  acoustical  waveguiae 
channel,  can  serve  as  an  acoustical  reflector  in  a 
cavity  structure  (AV  is  the  relative  acoustic 
velocity  reduction  due  to  a  deposited  metallic 
strip  over  a  piezoelectric  substrate).  The  general 
method,  given  in  '"“.6].  is  applicable  to  any 
perturbed  waveguide  s' ructure  in  the  sense  that  it 
can  analyze  and  obtain  the  number  of  the 
transversal  modes,  their  cut  off  frequencies  and 
their  reflecting  response,  without  having  to  solve 
their  corresponding  eigenvalue  equations. 

Lately,  novel  types  of  optical  grating  assisted 

7  B 

directional  couplers  were  presented  '  .  These 
devices  consist  of  grating  assisted,  frequency 
selective  coupling,  between  two  forward 
propagating  channel  modes  of  a  directional 
coupler.  The  waveguid-'s  in  that  case,  are  non 
synchronous;  i.e.,  each  one  of  them  supports  a 
different  optical  mode,  with  a  distinct  phase 
velocity.  Therefo.'e,  the  only  possible  way  for 
these  two  different  modes  to  couple  energy,  is 
with  the  assistance  of  a  perturbed  grating 
structure  that  provides  the  necessary  phase 
matching. 

There  are  two  main  objectives  for  the  following 
investigation: 

1.  To  develop  a  basic  understanding  of  the 
acoustical  principles,  required  in  guided  surface 
acoustic  wave  devices,  and  2.  To  incorporate  these 
principles  in  the  design  and  fabrication  of 
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various  kinds  of  advanced  acoustic  directional 
couplers. 

In  this  paper  we  present  first,  a  study  of  the 
spectral  properties  of  a  conventional  acoustic 
directional  coupler,  and  the  grating  assisted 
co-directional  coupler.  Then,  we  compare  these 
properties  to  those  of  the  contra-directional 
coupler.  In  particular  we  give  expressions  for  the 
fractional  bandwidth  and  the  frequency  tunability 
of  these  structures.  Design  formulae  for  the  exact 
determination  of  the  center  frequency  of  operation 
and  the  full  coupling  interaction  length,  as  well 
as  other  device  parameters,  are  also  developed. 

II.SEPARATEDDOUBLEGUIDEDIRECTIONALCOUPLERS 
In  principle,  there  are  four  fundamental  types 
of  directional  couplers  .  The  first  device 
configuration  is  the  parallel,  double  guide 
directional  coupler,  shown  in  Fig.  1(a).  This 
directional  coupler  is  a  coupled  mode  device.  An 
input  acoustic  signal,  launched  at  port  1,  excites 
a  resulttint  acoustic  wave  that  is  changing  its 
amplitude  and  phase,  while  propagating  down  the 
double  guide  region.  Coupling  length,  in  such  a 
device,  is  defined  as  the  distance  required  for  a 
whole  amplitude  peak  to  travel  from  the  main  guide 
to  its  collateral.  A  second  device  configuration 
is  the  continuous  double  guide  directional 
coupler,  shown  in  Fig.  1(b).  This  is  again  a 
coupled  mode  device  and  it  can  be  considered  to  be 
the  particular  case  of  the  parallel  double  guide 
coupler,  in  which  the  separation  between  its  two 
coupling  channels  tends  to  zero.  This  particular 
configuration  is  of  major  interest,  since  it 
possesses  a  considerably  wider  bandwidth,  although 
its  coupling  potential  between  the  two  adjacent 
channels  is  much  smaller.  The  other  remaining 
configurations,  shown  in  Fig.  1  {c,d),  are  th^  non 
coupled  mode  devices.  They  will  be  referred  to  as 
Y  Junction  power  splitters.  An  acoustic  excitation 
at  the  input  port  of  such  a  coupler  will  launch  a 
single  mode  wave  which,  then,  propagate  into  the 
tapered  width  guide,  delivering  equal  power  into 
both  output  arms,  or  tapered  horns,  respectively. 
Most  of  the  Y  junction  power  splitters  are 
broadband,  since  the  equal  power  split  between  the 


output  ports  is  a  consequence  of  physical  symmetry 
and  hence  independent  of  frequency  variations. 


(d) 


Figure  1.  Four  basic  configurations  of 

conventional  SAW  directional  couplers, 
a.  The  parallel  double  guide,  b.  The  continuous 
double  guide.  c,d.  non  coupled  mode,  Y  junction 
couplers . 

Prior  to  the  analysis  of  the  double  guide 
directional  coupler,  its  theoretical  model  should 
be  established .  In  this  model ,  the  necessary 
parameters  for  the  design  of  a  coupled  mode 
directional  coupler,  are  defined.  As  was  mentioned 
before,  the  investigated  structure  consists  of  two 
parallel  perturbed  guides,  deposited  close  enough 
to  each  other,  for  appreciable  mode  coupling. 

HI.  SYSTEM  ANALYSIS 

The  first  work,  relating  to  a  double  guide  SAW 
structure,  was  published  by  Tiersten*  ' ° .  In 
addition  to  his  single  guide  solution,  he 
developed  a  perturbation  technique  for  calculating 
coupling  length  in  the  weak  coupling 
approximation.  In  the  strong  coupling  case, 
however,  two  additional  important  features  should 
be  mentioned:  1.  Coupling  length  which  exhibits  a 
low  frequency  cut  off,  under  which  coupling  does 
not  exist  anymore.  That  means  that  a  directional 
coupler  is  a  frequency  dependent  device,  that  can 
utilize  as  a  frequency  filter.  2.  Coupling  length 

/  Q  t 

curves  ,  which  possesses  a  local  minimum  in  the 
region  of  strong  coupling.  The  coupling  length  is 
approximately  linear  with  frequency  around  this 
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miniouo.  Thus,  as  a  rule  of  thumb,  strong  coupling 
devices  posses  a  wider  bandwidth  than  weak 
coupling  ones.  A  scheme  of  a  basic  directional 
coupler  is  shown  in  Fig.  2.  The  most  important 
design  parameters  are  G»D/H  and  n»C/D,  where  H  is 
the  thickness  of  the  metal  guiding  strip  and  C,D 
are  the  spacing  between  the  couplers  arms  and  the 
guides  width,  respectively.  Due  to  physical 
symmetry,  mode  functions  in  these  conventional 
devices  must  be  symmetric  or  antisymmetric  with 
respect  to  the  center  line.  In  order  to  illustrate 
how  the  double  guide  modes  c  -e  generated,  we 
assume  an  excited  single  mode  wa/e,  propagating  in 
the  main  guide,  toward  the  double  guide  portion  of 
the  coupler.  At  this  section  it  generates  a  linear 
combination  of  the  lowest  order  symmetric  and 
antisymmetric  guided  modes.  Since  these  two  modes 
propagate  with  different  velocities,  the  amplitude 
of  the  resultant  combination  is  changed  in  such  a 
way  that  the  energy  oscillates  back  and  forth 
between  the  channels,  as  it  propagates  down  the 
double  guide  region.** 


Figure  2.  Fundamental  structure  of  a  plain 
directional  coupler.  and  /Sf,  are  the  the 

propagation  constants  of  each  channel, 
respectively  and  separately. 

The  coupling  length  L(,,  defined  as  the  distance 

required  for  an  amplitude  peak  to  pass  from  one 

1  2 

guide  to  its  collateral,  is: 

«  7t/{kg-ka  )  •  (1) 


where  and  k^  are  the  symmetric  and 

antisymmetric  wave  vectors,  respectively. 

In  case  of  a  slight  difference  between  the 
channel  parameters,  namely  dimensional  variations 
or  l/V  index  difference,  in  such  a  manner  that  the 
individual  propagation  constants  O* , t )  each 

channel  are  not  equal  anymore  -  energy  transfer 
between  channels  is  no  longer  possible.  In  order 
to  enhance  mode  coupling  in  non  identical 
channels,  in  this  weak  coupling  approximation, 
periodic  grid  perturbations  are  planted  along  the 
wave  propagation  direction.*^  Energy  transfer  is 
then  possible  in  the  case  of  a  grid  periodicity  Aj, 
which  is  equal  to  the  difference  between  the  two 
separate  propagation  constants  of  each  individual 
channel.  This  condition  is  expressed  as  follows: 

4  -  4  =  271/4  .  (2) 

Such  a  grating  assisted  structure,  is  presented 
in  Fig.  3a-  It  consists  of  two  dissimilar  parallel 
acoustical  waveguides,  which  can  exchange  energy 
due  to  the  existence  of  a  periodic  grating, 
located  at  the  guides  boundaries.  The  grating 
assisted  matching  phenomenon  is  illustrated  in 
Fig.  4.  This  figure  shows  the  phased  matched 
coupling  between  waveguide  modes  using  periodic 
perturbations.  4.b  the  mode  indices  and: 

Kg  *  27t/4  (3) 

is  the  grating  constant  of  the  perturbed  section. 
It  is  worth  mentioning  that  each  guide,  if 
isolated,  woula  have  possessed  a  different 
fundamental  mode. 

In  this  case,  the  waves  are  constructively 
reflected  and  coupled,  due  to  the  grating  assisted 
perturbation  structure.  This  structure  serves, 
therefore,  as  a  ^  matcher  at  its  characteristic 
Ti/Aj. ,  where  the  grooves  along  the  waveguide 
boundary  give  an  increased  amount  of  slowness 
wave.  The  overall  field  can  be  approximated  by  a 
linear  combination  of  a  forward  and 

backward  propagating  modes,  which  are 

coupled  to  each  other  by  the  applied  z 
perturbation.  R, , ,  and  S,,,,  are  the  slowly  varying 
amplitudes  of  the  forward  and  backward  acoustical 
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modes,  propagating  in  each  of  the  waveguide 
channels,  respectively. 

The  coupling  efficiency  curve  as  a  function  of 
the  exciting  frequency,  at  z*!.  is  shown  in  Fig. 
6.  This  figure  demonstrates  that  the  acoustic 
coupler  behaves  as  an  acoustic  filter,  owing  its 
frequency  selectivity  to  its  strong  dependency  on 
the  operating  frequency.  Calculated  bandwidths  in 
three  cases  examined,  illustrated  in  Fig.  6,  are 
equal.  However,  the  required  center  frequency,  for 
maximal  coupling  efficiency,  is  a  function  of  the 
specific  grating  period-A^ . 


Vf 
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Figure  3-  »•  General  structure  of  a  grating 
assisted  directional  coupler.  Vf  and  Vs  are  the 
SAW  velocities  of  the  fast  surface  and  the  slow 
channel,  respectively,  b.  A  perturbed  waveguide 
section  and  its  1/V  symmetric  profile. 


Figure  4.  Phase  match  coupling  between  wavegr.ide 
modes  using  periodic  coupling.  P,  are  the  mode 
indices  and  is  the  grating  constant  phase 
matcher. 


Figure  5-  behavior  around  the  center  frequency 
fo  revealing  the  range  of  frequencies  within  where 
coupling  occurs. 
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Figure  6.  Calculated  coupling  efficiency  of  the 
proposed  grating  assisted  co  directional  coupler 
for  three  different  grating  periods. 


IV.  DEVICE  DESIGN  CRITERIA 

The  above  formalism  was  applied  to  the  case  of 
grating  assisted  directional  coupler,  made  of  two 
dissimilar  metal  strip  channels,  as  illustrated  in 
Fig.  3-  The  presented  formalism  is  a  one 
dimensional,  first  order  scalar  approximation, 
since  its  resulting  errors,  in  this  case,  are 
negligible  ^  ^  (a  technique  for  converting  from 
the  isotropic  case  to  the  anisotropic  case  is 
widely  demonstrated  in  ref.  16) .  It  should  be 
emphasized  that  the  whole  calculation  is  based  on 
a  separate  modal  analysis  of  each  of  the 
participating  waveguides  in  the  structure, 
therefore,  all  the  mathematical  calculations  are 
straightforward  with  minimum  complexity. 
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The  design  of  a  practical  coupler  should 
provide  for:  1.  Efficient  power  transfer  around 
the  required  center  frequency  (in  order  to 
minimize  the  coupler  insertion  loss).  2.  Low  back 
reflected  power  from  a  secondary  channel  to  its 
primary,  in  order  to  assure  low  cross  talk  in  the 
system.  For  instance,  the  spectral  response  of  our 
proposed  directional  coupler,  with  a  center 
frequency  of  60  MHz  has  been  examined  for  a 
particular  set  of  design  pareimeters  (Fig.  3)- 
Using  a  simple  modal  analysis,  in  order  to  match 
between  the  different  propagation  constwts  of 
each  of  the  separated  channels,  for  a  center 
frequency  of  60  MHz,  resulted  in,  a  grating  period 
of  166  m  (Fig.  7).  This  grating  periodicity  is  in 
inverse  proportion  with  the  frequency,  within  a 
given  spectral  range  of  up  to  61.2  MHz  (2%  of  the 
center  frequency)  (Fig.  7).  The  length  of  the 
proposed  device  was  taken  as  20  mm  emd  its  grating 
periodicity  as  10  pm.  Calculations  of  the  required 
grating  period  and  the  device  full  coupling  length 
as  a  function  of  the  excitation  frequency,  within 
its  bandwidth  range  are  presented  in  Fig.  8.  An 
almost  linear  dependency  of  the  coupling  length, 
within  the  bandwidth  range,  is  clearly  observed. 
It  was  found  though,  using  the  present  formalism, 
that  for  a  center  frequency  of  60  MHz,  full 
coupling  length  is  obtained  after  9.6  mm.  Any 
shorter  coupler  than  that  value,  will  result  in  a 
decrease  in  the  coupling  efficiency,  followed  by 
bandwidth  expansion  in  the  same  proportion. 


Figure  8.  Full  coupling  length  in  a  grating 
perturbed  directional  coupler  as  a  function  of  the 
excitation  frequency. 

Coupling  efficiency  for  the  three  proposed 
grating  periods  wEis  calculated  and  the  results  are 
presented  in  Fig.  6.  As  expected,  the  bandwidth 
shown  by  these  three  curves  is  quite  narrow  (4!t) 
and  fits  the  calculated  value,  for  a  full  coupling 
length.  One  way  to  increase  the  coupling 
efficiency  of  the  proposed  device  is  possible,  by 
slightly  reducing  the  full  coupling  length  to  a 
more  practical  value  of  5  This  can  be  done  by 
increasing  the  coupling  coefficient  through  either 
an  increase  in  the  grating  perturbation  depth,  or 
8  decrease  in  the  spacing  between  the  coupled 
channels.  Calculation  of  the  full  coupling  length 
as  a  function  of  the  desired  grating  depth,  with 
the  channels  separation  as  a  parameter,  is 
illustrated  in  Fig.  9-  Device  parameters  for 
optimum  performances  of  various  grating  assisted 


directional  couplers,  can  be  derived  From  Fig.  8. 


Figure  7-  Grating  period  as  a  function  of  the 
required  center  frequency. 
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Figure  9-  Full  coupling  length,  calculated  as  a 
function  of  grating  periodicity  with  the  core  to 
core  separation  between  channels  as  a  parameter. 


Calculated  values  of  the  required  grating 
constant.  A,.,  to  assure  coupling  between  two 
adjacent  channels,  spaced  2C  apart,  are  presented 
in  Figure  10.  They  clearly  demonstrate  that,  as 
the  two  channels  are  being  brought  together,  the 
difference  in  their  wave  vectors  are  increased  so 
that,  for  full  energy  coupling,  a  shorter  grating 
period  is  required  (thus  a  decrease  in  the 
perturbations  repetition  rate) .  Above  the  spacing 
of  35  WB.  the  grating  period  parameter  remains 
constant,  coincidentally,  with  a  large  coupling 
coefficient  decrease.  Another  interesting 
parameter  is  the  coupling  length  for  maximum  power 
transfer  from  one  channel  to  another.  The 
expression  for  for  full  coupling,  is  reduced 
to  a  simpler  form  by  nullifying  the  mismatch 
factor,  generated  by  the  wave  vector  differences 
between  the  guided  channels.  In  the  case  of  such  a 
zero  grating  mismatch,  the  coupling  length  is 
given  by: 

L  =  - - -  (4) 

Calculations  were  carried  out  analytically  for  a 
grating  period  of  10  im.  Fig.  11  illustrates  the 
calculated  coupling  length  L,  as  a  function  of  the 
spacing  2C  between  the  adjacent  channels.  The 
value  of  the  coupling  length,  L,  was  only 
approximated,  by  neglecting  the  mutual  influence 
of  each  of  the  propagating  constants  on  each 
other.  Fig.  11  demonstrates  a  very  interesting 
phenomenon,  explained  already  by  Marcuse  [l4]  for 
optical  directional  couplers.  When  a  zero  crossing 
of  one  of  the  propagating  modes  occurs  next  to  one 
of  the  core  boundaries,  coupling  length  increases 
drastically,  to  infinity. 

Finally,  the  influei.'e  of  a  perturbed  channel 
width  on  the  coupling  length  was  exeimined.  The 
resultant  curve  is  presented  in  Fig.  12.  According 
to  this  curve,  at  a  certain  channel  width  of  50 
tm,  the  coupling  length  gets  its  maximal  value.  It 
is  also  clearly  seen  that  for  thin  channels, 
coupling  length  is  small,  since  the  grating 
amplitude  is  getting  larger  compared  to  the 
channel  width. 


Figure  10.  Grating  period  as  a  function  of  the 
distance  between  coupling  channels,  for  a  center 
frequency  of  60  Mhz. 


Figure  11.  Coupling  length  as  a  function  of  guide 
to  guide  spacing. 


Figure  12.  Coupling  length  as  a  function  of  the 
perturbed  channel  width. 
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CONCLUSIONS 

A  formalism  for  analyzing  and  laying  out  of 
acoustic,  grating  assisted  directional  coupler 
filters  is  presented.  This  formalism  enables  to 
obtain  filter  characteristics,  such  as  center 
operating  frequency,  bandwidth,  tunability,  as 
well  as  dimensional  parameters,  concerning  euiy 
device  design.  A  practical  example  was  analyzed 
and  yielded  parameters  for  a  grating  assisted 
directional  coupler. 

As  a  conclusion,  this  formalism  may  serve  for  a 

general  design  tool  for  almost  any  geometry,  and 
give  the  criteria  for  grating  parameters  and 

location  of  grating  assisted  directional 

couplers . 
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APSTPACT 

This  work  presents  new  data  on  the  tensile 
failure  of  quartz  obtained  from  testing  miniature  force 
sensors  of  the  double-ended  tuning  fork  configuration. 
Also  presented  are  Dauphind  twinning  threshold  data 
for  temperatures  ranging  from  room  temperature  to 
175  °C,  ^ch  were  obtained  from  a  number  of  AT-cut 
quartz  crystal  pressure  transducers.  One  significant 
featme  of  the  present  twinning  results  is  that  the 
pressure  transducers  tvnn  when  subjected  to  a  biaxial 
stress  pattern.  Previously  published  quantitative 
twinning  results  were  obtained  in  experimental 
configurations  designed  for  uniaxial  stress.  Calculations 
of  the  Gibbs  Free  Energy  Difference  between  the  two 
possible  twin  configurations  have  been  performed  for 
biaxial  stress  patterns  for  comparison  to  previously 
published  uniaxial  stress  calculations.  The  calculated 
results  show  quantitatively  that  biaxial  stress-induced 
twinning  and  uniaxial  stress-induced  twinning  are 
consistent  with  one  another  In  terms  of  threshold 
energy. 

The  results  are  of  interest  to  the  Frequency 
Control  community  for  evaluation  of  brittle  failure  and 
Dauphind  twinning  during  resonator  processing,  mount¬ 
ing,  sealing,  and  shock  aad  vibration.  In  addition, 
calculations  of  the  Gibbs  Free  Energy  Difference  for 
Dauphind  tvnnning  in  the  SC-cut  are  presented  for 
uniaxial  as  well  as  biaxial  stress  patterns  for  comparison 
to  the  AT-cut  and  X-cut.  These  results  are  useful  for 
estimating  the  susceptibility  of  the  SC-cut  to  twinning 
during  manufacture  and  use. 

INTRODUCTION 

Considerable  information  has  been  obtained  on 
the  performance  of  quartz  crystals  used  as  sensors  in 
extreme  environments  of  temperature  and  stress.  The 
results  are  useful  for  the  Frequency  Control  community, 
particularly  with  regard  to  manufacturing  yield  losses 
due  to  brittle  fractures  and/or  Dauphind  twinning 
during  plating  and  mounting  of  resonator  blanks  and 
during  sealing  of  crystal  packages.  Tensile  failure  of 
quartz,  of  concern  not  only  during  manufacture  of 
mounted  and  sealed  resonators,  but  also  during  shock 


and  vibration,  occurs  at  stress  levels  considerably  lower 
than  compressive  failure  [1-4]. 

Ferrobielastic  twinning  has  been  studied  for 
years  and  is  a  constant  concern  in  several  phases  of 
resonator  fabrication  and  mounting  [5-13].  The  present 
experimental  twinning  results  are  supported  by 
calculations  of  the  Gibbs  Free  Energy  Difference 
between  the  two  twin  states.  Additional  calculatic'\s  of 
the  Gibbs  Free  Energy  Difference  are  presented  for  the 
SC-cut  for  comparison  to  the  AT-cut  and  the  X-cut  used 
in  published  twinning  studies.  Both  uniaxial  stress 
conditions  and  biaxial  stress  patterns  are  included  in  the 
theoretical  results  to  quantitatively  compare  the  present 
experimental  situation  to  earlier  work.  The  fact  that  the 
present  biaxial  stress  study  is  consistent  vrith  earlier 
uniaxial  results  confirms  the  use  of  the  Free  Energy 
Difference  as  a  theoretical  tool  to  predict  twinning 
thresholds  in  complicated  stress  pattern  situations. 

TENSILE  FAILURE 

The  emergence  of  flexurally  vibrating  quartz 
force  sensors  [14]  has  emphasized  tensile  failure  under 
conditions  where  quantitative  measurements  of  failure 
stress  levels  can  be  obtained.  Figure  1  shows  three 
different  types  of  such  force  sensors.  The  middle  device 
in  Fig.  1  is  a  double-ended  tuning  fork.  This  device,  as 
well  as  the  three-beam  device  at  the  bottom  of  Hg.  1,  is 
fabricated  by  photolithographic  techniques  and  etching. 
The  length  of  the  tines  is  in  the  Y  crystal  direction.  A 
study  of  the  teasile  failure  of  the  two-beam  device  of 
Fig.  1  was  performed.  Figure  2  shows  the  result  of 
testing  7  devices  to  failure.  A  bar  chart  is  used  in  Fig. 
2  to  emphasize  the  apparent  bimodal  distribution  of  the 
results.  Devices  1  and  5  failed  at  a  level  approximately 
one-half  of  the  failure  level  of  the  other  five  devices. 
The  bimodal  distribution  suggests  that  devices  1  and  5 
failed  with  only  one  tine  holding  the  ultimate  tensile 
failure  load.  This  would  occur  if  one  tine  had  a  flaw 
such  as  a  deep  etch  pit  or  etch  channel  that  caused  that 
tine  to  fail  prematurely  before  the  second  tine.  The 
remaining  tine  then  carried  the  full  load.  The  five 
devices  with  the  larger  failure  load  had  both  tines 
carrying  the  load  untU  failure.  The  destruction  of  the 
devices  by  brittle  failure  was  extensive  enough  that 
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examination  of  the  remaining  structure  provided  no 
concrete  conclusions  as  to  whether  one  tine  failed  before 
the  other. 

Figure  3  shows  the  calculated  failure  stress  in 
MPa  if  devices  1  and  5  are  assumed  to  have  only  one 
tine  holding  the  ultimate  failure  load,  while  the 
remaining  five  devices  have  two  tines  holding  the 
ultimate  failure  load.  The  stress  is  the  load/tine  divided 
by  the  tine  cross  sectional  area.  The  results  shown  in 
Fig.  3  appear  to  be  consistent  with  this  assumption.  The 
failure  level  is  130  MPa  minimum  with  an  average  of 
140  MPa.  Published  results  for  failure  in  the  Y 
direction  are  83-91  MPa  for  small  specimens  used  in 
geophysical  studies  [1]  and  57-110  MPa  for 
photolithographically  etched  single  beams  [3].  The 
presence  of  water  has  been  shown  to  weaken  quartz  in 
tensile  failure  (2|. 

The  results  in  Figs.  2  and  3  tend  to  be 
somewhat  higher  than  the  earlier  published  results.  The 
devices  tested  were  etched  using  photolithographic 
procedures  from  wafers  with  the  major  surfaces  of  the 
quartz  wafer  etched  before  metallization.  Thus,  me 
strength  can  be  expected  to  be  high  due  to  the  surfaces 
on  all  four  sides  of  the  tines  being  etched  (the  original 
etched  wafer  surfaces  on  the  top  and  bottom  and  the 
two  sides  etched  during  the  photolithographic 
fabrication). 

The  published  compressive  failure  levels  range 
from  2200  to  2685  MPa  [2,4].  These  numbers  are  much 
larger  than  the  values  discussed  above  for  tensile  failure. 
Such  behavior  is  typical  for  brittle  crystal  materials.  The 
fact  that  the  tensile  failure  level  is  so  much  lower  than 
the  compressive  failure  level  must  be  taken  into 
consideration  in  designing  sensors.  Figure  4  shows  an 
AT-cut  pressure  transducer  structure  designed  such  that 
external  hydrostatic  pressure  causes  no  tensile  stress 
anywhere  in  the  structure.  Finite  Element  Analysis  was 
used  to  confirm  the  absence  of  tensile  stress.  Devices 
such  as  that  depicted  in  Fig.  4  have  been  proof  tested  to 
352  MPa  external  hydrostatic  pressure  at  room 
temperature.  The  structure  in  Fig.  4  amplifies  the 
external  pressure  such  that  the  biaxial  stress  in  the 
resonator  is  1.4  times  the  external  pressure.  Thus,  at 
proof  pressure,  the  resonator  in  Fig.  4  is  subjected  to 
493  MPa  of  biaxial  stress. 

TWINNING 

The  large  compressive  stress  levels  achievable 
in  the  structure  of  Fig.  4  can  exceed  the  threshold  for 
Dauphin6  (electrical)  twinning.  Since  quartz  resonator 


sensors  are  used  in  oscillator  circuits,  twinning  is 
catastrophic  and  must  be  avoided.  Numerous  studies 
have  examined  twinning  thresholds  for  uniaxial  stress. 
The  published  threshold  level  for  room  temperature 
twinning  ranges  from  400  to  550  MPa  [5,11,12],  so  the 
proof  pressure  test  of  Fig.  4  mentioned  above  is  at  the 
threshold  of  twinning  if  there  is  a  correlation  between 
uniaxial  stress-induced  twinning  and  biaxial  stress- 
induced  twinning.  The  present  study  addresses  this 
issue  of  biaxial  vs.  uniaxial  stress-induced  twinning. 

Biaxial  stress  occurs  in  resonator  processing 
when  the  quartz  blank  is  subjected  to  thermal  heat  input 
to  the  major  surfaces  during  sawing,  lapping,  polishing, 
and  metal  deposition.  In  addition,  large  temperature 
gradients  across  the  surface  of  the  blank,  such  as  picking 
up  a  hot  blank  with  cold  tweezers,  creates  biaxial  stress 
since  the  blanks  are  thin.  Several  published  works  use 
lasers  to  heat  quartz  blanks  in  order  to  study  twinning 
[6,7,13].  It  has  been  suggested  that  all  of  the  published 
work  using  rams  to  generate  uniaxial  stress  have  actually 
generated  biaxial  stress  because  of  the  difference  in 
Poisson’s  ratio  for  the  metal  platens  and  the  quartz  test 
pieces  and  the  resulting  friction  and  scuffing  [9].  Thus, 
biaxial  stress-induced  twinning  is  of  considerable 
interest. 

Twinning  induced  by  applied  stress  is  termed 
ferrobielastic  twinning  [5-6].  The  effect  occurs  because 
the  two  twin  states  of  quartz  have  the  same  elastic 
compliance  tensor  components  s^j^  except  for  the  S1J23 
component.  When  calculating  the  Gibb’s  Free  Energy 
Difference  AG  between  the  existing  state  and  the  twin 
state  (called  here  the  Twinning  Energy),  other  workers 
[5-7,11-13]  have  arrived  at  the  expression 

AC  -  4  ^  T'ijT'ij).  (1) 


Here,  Tjj  is  the  applied  stress  expressed  in  the  crystal 
axes  system  Xj.  We  use  T"jj  as  the  applied  stress  in  a 
right-handed  coordinate  system  x"i  rotated  by  the  angle 
rl>  about  the  plate  normal.  The  plate  axis  system  is 
designated  x'j  with  x'2  (or  /)  as  the  plate  normal.  When 
AG  is  negative,  twinning  is  encouraged.  The  compliance 
term  Sjj23  is  positive  for  the  1949  IRE  Standard  [15] 
(AT-cut  is  +35°  15')  and  negative  for  the  1978  IEEE 
Standard  [16]  (AT-cut  is  -35°  15').  We  choose  here  the 
1949  Standard  for  a  positive  Sjj23  so  that  the  sign  of  AG 
is  related  to  the  transformation  of  the  stress  tensor  T"j 
to  Tjj  in  the  crystal  axes  and  so  that  our  calculated 
results  for  AG  will  compare  directly  with  the  majority  of 
the  published  work  on  twinning.  Those  published 
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results  using  the  1978  Standard  can  be  compared  by 
reversing  the  direction  of  the  x'  axis. 

Previous  workers  solved  Eq.  1  for  a  uniaxial 
stress  T"33.  Results  for  the  Twinning  Energy  for 
uniaxial  stress  are  shown  in  Fig.  5  for  the  X-cut,  the  AT- 
cut,  and  the  SC-cut.  These  results,  and  all  subsequent 
results,  are  plotted  for  a  unit  stress.  All  plots  are  shown 
to  the  same  scale.  Twinning  occurs  more  easily  for 
larger  magnitudes  of  Twinning  Energy.  All  plots  use  a 
solid  line  for  negative  Twinning  Energy  (twins  occur) 
and  dashed  lines  for  positive  Twinning  Energy  (  no 
twins  occur). 

As  shown  by  others  for  the  X-cut  [8,11,12], 
twinning  occurs  for  uniaxial  stress  applied  in  a  direction 
between  the  / -  and  z'-  axes,  as  seen  in  Fig.  5  (a).  The 
AT-cut  results  in  Fig.  5  (b)  exhibit  the  four-leaf  clover 
pattern  commonly  seen  in  various  experiments  [7,13]. 
The  SC-cut  also  exhibits  a  four-leaf  clover  shape 
experimentally,  as  predicted  in  Fig.  5  (c),  although 
experimentally  one  lobe  was  found  by  other  workers  to 
be  larger  under  some  conditions  [13]. 

Note  that,  since  the  scales  are  the  same  for 
Figs.  S  (a)-(c),  twinning  can  occur  at  the  same  general 
stress  levels  for  the  X-cut,  AT-cut,  and  SC-cut  along  the 
most  sensitive  directions  because  the  Twiiming  Energies 
are  comparable. 

Also  note  that  uniaxial  stress  applied  along  the 
/ -  axis  of  the  X-cut  (the  y-  crystal  axis)  can  not  induce 
twinning.  This  explains  the  fact  that  twinning  has  never 
been  observed  in  any  applications  of  the  flexural  devices 
shown  in  Fig.  1. 

When  the  biaxial  stress  is  uniform,  T"  j  j  =  T"33 
(or  T"jjjj  =  T''^^).  This  case  is  shown  in  Fig.  6  for  the 
AT-cut  and  the  SC-cut.  The  X-cut  has  a  zero  Twinning 
Energy  for  this  case  and  is  not  shown  in  Fig.  6.  Fnst, 
consider  the  AT-cut  used  for  pressure  transducers.  In 
comparing  Fig.  6  (a)  wth  Fig.  5  (b),  we  sec  that 
twinning  can  occur  for  approximately  the  same  stress 
level  for  uniaxial  stress  applied  in  the  most  sensitive 
direction  between  the  x'  and  z'  axes  and  biaxial  stress 
applied  in  any  direction  (the  scale  for  the  two  plots  is 
the  same).  Thus,  twinning  threshold  results  obtained 
from  circular  AT-cut  pressure  transducers  is  directly 
comparable  to  results  obtained  with  unianal  stress.  This 
will  be  important  later  on  when  quantitative  twinning 
threshold  data  will  be  presented. 

Remembering  that  the  scales  are  the  same  for 
Fig.  6(a)  and  Fig.  6(b),  we  note  that  the  SC-cut  is  more 


difficult  to  twin  with  uniform  biaxial  stress  because  the 
Twinning  Energy  is  much  smaller  for  the  same  stress 
level. 

Note  in  Fig.  4  that  there  are  flats  on  the 
exterior  of  the  structure.  These  flats  are  introduced 
intentionally  to  break  up  the  circular  symmetry.  A  non- 
uniform  stress  occurs  in  the  resonator  because  of  the 
presence  of  the  flats.  This  non-uniform  stress  is  used  to 
improve  the  temperature  dependence  of  the  scale  factor 
of  the  pressure  transducer  [17].  The  typical  non¬ 
uniformity  obtained  in  the  resonator  is  a  2:1  ratio  of  the 
in-plane  resonator  stress  along  the  normal  to  the  flats 
(chosen  as  the  x-  crystal  axis  in  actual  devices) 
compared  to  the  in-plane  resonator  stress  perpendicular 
to  the  flat  normal  (along  the  resonator  axis).  The 
Twinning  Energy  is  calculated  for  comparison  to  the 
uniform  biaxial  case  of  Fig.  6  and  to  the  uniaxial  case  of 
Fig.  5  by  selecting  T"„  =  1.333  and  T"^  =  .667,  so 
that  the  average  stress  is  the  same  as  the  uniform  biaxial 
case  with  =  T"^  =  1. 

The  calculated  results  are  shown  in  Hg.  7  for 
the  X-cut,  AT-cut,  and  SC-cut.  Once  again,  the  scale  is 
the  same  for  Figs.  5,  6,  and  7.  Note  that  the  general 
shape  and  symmetry  in  Fig.  7  follows  the  corresponding 
plot  for  uniaxial  stress  in  Fig.  S.  In  the  case  of  the  AT- 
cut  pressure  transducer  with  the  flat  normal  along  the  x- 
crystal  axis,  the  value  of  Twinning  Energy  in  Fig.  7  (b) 
is  larger  by  only  8.8%  as  compared  to  the  uniform 
biaxial  case  in  Fig.  6  (a).  Thus,  the  use  of  flats  to 
improve  transducer  temperature  performance  does  not 
seriously  degrade  the  full-scale  pressure  limits  set  by 
tuanning  considerations. 

EXPERIMENTAL  TWINNING  RESULTS 

A  number  of  transducers  have  been  tested  to 
the  twinning  threshold  by  increasing  applied  pressure  to 
the  point  where  the  resonator  is  found  to  have 
irreversibly  twinned.  By  knowing  the  amplification  of 
the  particular  structure  used,  the  resonator  stress  at 
which  twinning  occurred  can  be  calculated  from  the 
applied  pressure.  Experiments  were  carried  out  at  2S*’C 
and  175°C.  The  results  are  plotted  in  Fig.  8  cs  twinning 
threshold  in  MPa  vs.  temperature.  One  sample  was 
twinned  at  25®C  and  three  samples  at  HS^C.  Also 
included  in  Fig.  8  are  the  results  of  J.  Laughner  [12] 
measured  with  uniaxial  stress  applied  to  X-cuts  at  4S° 
between  the  y-  and  z-  crystal  axes  (force  direction  shown 
with  arrows  in  Fig.  5  (a)  and  Fig  7  (a)  ).  As  seen  in 
Fig.  8,  the  results  obtained  here  with  nonuniform  biaxial 
stress  compare  quantitatively  in  magnitude  and 
temperature  dependence  with  the  earlier  uniaxial  results. 
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The  fact  that  the  present  nonuniform  biaxial 
stress  results  compare  quantitatively  with  the  earlier 
uniaxial  stress  results  is  explained  by  the  equivalence  of 
the  Twinning  Energy  for  the  two  cases.  The  ratio  of  the 
Twinning  Energy  for  the  nonuniform  biaxial  stress  case 
in  Fig.  7(b)  to  the  Twinning  Energy  for  the  uniaxial  case 
at  45°  in  Fig.  5  (a)  is  1.34.  The  Twinning  Energy 
increases  as  the  square  of  the  stress,  so  the  expected 
ratio  for  stress  threshold  should  be  1.16,  with  the 
nonuniform  biaxial  stress  case  twinning  more  easily. 
The  dilference  in  the  two  cases,  16%,  is  within  typical 
experimental  scatter  seen  for  both  the  present 
nonuniform  biaxial  stress  results  and  the  published 
uniaxial  stress  results  (as  shown  in  Fig.  8  by  the  vertical 
bars). 

As  seen  in  Fig.  8,  the  nonuniform  biaxial  stress 
case  may  actually  twin  at  a  higher  stress  level  than  the 
uniaxial  case,  just  the  reverse  of  the  prediction  of  the 
Twinning  Energy  calculations.  This  could  be  attributed 
to  the  pressure  transducers  having  a  continuous 
boundary  at  the  resonator  perimeter  integral  with  the 
outer  shell,  so  no  surface  damage  is  available  to  nucleate 
twins.  In  contrast,  the  uniaxial  experiments  use  a 
sample  with  a  free  surface,  and  it  has  been  shown  that 
the  presence  of  surface  damage  lowers  the  stress  levels 
required  for  twinning  [10]. 

CONCLUSIONS 

Two  failure  mechanisms  seen  in  quartz 
resonator  sensors  have  been  discussed.  The  tensile 
failure  results  presented  here  are  comparable  to  other 
published  results,  but  the  present  failure  stress  levels 
tend  to  be  higher  than  published  values.  The  difference 
may  be  due  to  the  fact  that  the  present  samples  are 
etched  on  all  sides,  so  there  is  no  surface  damage  that 
would  lower  the  failure  stress  level. 

The  ferrobielastic  twinning  experimental  results 
compare  directly  to  published  results  for  stress  threshold 
vs.  temperature.  The  fact  that  the  present  results,  which 
are  obtained  with  nonuniform  biaxial  stress,  compare  to 
published  results  obtained  with  uniaxial  stress  is 
explained  by  caleulations  of  the  Twnning  Energy  for  the 
two  cases. 

The  results  of  both  the  Twnning  Energy 
ealculations  and  the  experiments  contribute  to  the 
knowledge  base  of  the  Frequency  Control  community. 
Calculations  for  the  SC-cut  for  biaxial  stress  cases  are 
included  for  such  purposes. 
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Figure  1.  Examples  of  flexural  mode  force 
sensors,  (a)  Single-beam  device,  (b) 
Double-beam  device,  (c)  Triple-beam 
device. 
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Figure  3.  Failure  stress  level  computed 
from  data  of  Fig.  2. 
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Figure  4 .  AT-cut  pressure  transducer 
configuration  designed  to  avoid  tensile 
stress  in  the  quartz  when  subjected  to 
high  external  pressures. 


Figure  2.  Failure  load  for  seven  devices 
of  the  two-beam  configuration  of  Fig.  1 
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Figure  8.  Measured  threshold  stress  for 
twinning  in  AT-cut  pressure  transducers 
vs.  temperature.  Data  from  Penn.  State 
[12]  is  included  for  comparison. 


Figure  7.  Calculated  energy  difference 
between  the  two  twin  states  for  nonuniform 
biaxial  stress  for  the  case  of  » 

2.  (a)  X-cut.  (b)  AT-cut.  (c)  SC-cut. 
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PIEZOELECTRIC  VIBRATORY  GYROSCOPE  USING  FLEXURAL  VIBRATION  OF 
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1.  Introduction 

Recently,  car  navigation  systems  have 
reached  the  stage  of  practical  use  and 
have  become  standard  features  of  high- 
end  cars.  The  directional  sensors  of 
these  systems  mainly  use  earth  magnetism 
sensors,  but  they  are  prone  to  disturban¬ 
ces  in  the  earth  magnetism  from  the  car 
body. 

Piezoelectric  vibratory  gyroscopes  were 
developed  about  20  years  ago,  but  they 
have  not  yet  succeeded  in  practical  use. 


Fig.l  Basic  equivalent  circuit  of  a 

piezoelectric  vibratory  gyroscope. 


We  have  recently  developed  piezoelect¬ 
ric  vibratory  gyroscopes  using  flexural 
vibration  of  a  triangular  bar,  which  have 
higher  sensitivity,  lower  drift  and  sma¬ 
ller  configuration. 


2.  Basic  principles  cf  the  piezoelectric 
vibratory  gyroscope 

Fig.l  shows  the  basic  equivalent  cir¬ 
cuit  of  a  piezoelectric  vibratory  gyro¬ 
scope.  In  Fig.l  when  an  equivalent  mass 
m  vibrating  in  x  axis  direction  rotated 
around  z  axis  by  rotation  speedYX,  the 
motion  equation  regarding  to  the  rotating 
axis  is  given  by  equation (1).  [1] 

(  j  ou  m  X  =  F»  +  2mQy  +  (mfix+mfly) 

L  ]  to  m  y  =  Fy  -  2m0x  +  (mfly-mflx) 


where  the  first  term  in  right-hand  side 
shows  the  outer  force,  the  second  term 
shows  the  Coriolis  force  (Fc) ,  the  third 
term  shows  centrifugal  force  (Fn)  and  the 
fourth  term  shows  the  force  by  the  change 
of  rotation  speed  .  Generally,  angular 
frequency (w)  of  vibrating  mass  is  so  high 
that  we  may  neglect  the  third  and  fourth 
term  in  equation  (1). 


In  the  case  of  vibratory  gyroscope,  ju'm 
in  equation  (1)  is  replaced  by  equivalent 
mechanical  impedance  Zx  or  zy  as  follows: 


j  z.x 
I  z,y 


F*  +  ZlUf  Q  Y  -  Fx  -  Goy 

(2) 

Fy  -  2myflX  =  Fy  +  GoX 


Equation  (2)  is  a  motional  equation  in 
approximately,  and  the  equivalent  circuit 
is  3 hown  in  Fig.l.  [ 2 ] 


When  a  vibratory  gyroscope  is  drived 
and  detected  by  piezoelectric  transducers. 
Fig. 2  shows  the  basic  system  diagram  of 
Fig. ’  . 


Double 

Force  resonance  Force 


Gyrator 


Fig. 2  Basic  system  diagram  of  a  piezo¬ 
electric  vibratory  gyroscope. 
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Fig. 3  shows  the  outline  of  a  piezoelec¬ 
tric  vibratory  gyroscope  using  a  square 
bar.  In  Fig. 3,  when  a  square  bar  vibrat¬ 
ing  in  X  axis  direction  by  resonance 
frequency  f,  is  rotated  around  z  axis  by 
angular  velocity/!,  the  Coriolis  force 
(Fc)  is  generated  and  the  bar  vibrates  in 
y  axis  direction  by  the  same  frequency. 
So,  we  can  detect  the  angular  velocity  by 
measurement  of  the  square  bar  vibration 
in  y  axis.  In  this  case,  the  Coriolis 
force  is  given  as  follows: 

Fc  =  2mn,y  (3) 


Fig. 3  Outline  of  a  piezoelectric  vibra¬ 
tory  gyroscope  using  a  square  bar. 


3.  Structure  of  a  gyroscope  using  a 
triangular  bar 

In  order  to  make  higher  sensitive  gyro¬ 
scope  by  simple  structure,  we  have  deve¬ 
loped  a  new  gyroscope  using  a  triangular 
bai  instead  of  a  square  bar.  [3]  Fig.  4 
shows  tlie  gyroscope  using  a  triangular 
bar.  The  flexural  resonance  frequency  of 
a  triangular  bar  is  given  as  follows: 


where  A,  a,  1,  E  and  J>  are  a  contstant, 
width,  length.  Young's  modulus  and  the 
density,  respectively. 


2 


Fig. 4  Outline  of  a  piezoelectric  vibra¬ 
tory  gyroscope  using  a  triangle 
bar . 


According  to  the  vibration  analysis 
based  on  the  finite-element-method  (FEM) 
sim.ulation,  the  node  points  are  located 
at  the  0.2252  as  shown  in  Fig. 5,  which  is 
same  as  a  square  bar.  In  this  case,  an 
euqivalent  mass  is  given  as  follows: 

ra  =  M/4  =  O.lla^lj)  (5) 
where  M  is  a  total  mass. 

Using  equations  (3)  (4)  and  (5) ,  we  can 
calculate  the  Coriolis  force. 

Elastic  invariable  metal  (Elinvar  )  was 
used  as  the  material  for  a  triangular  bar 
and  three  pieces  of  PZT-6  piezoelectric 
ceramics  were  glued  in  the  center  posi¬ 
tion.  Two  kinds  of  triangle  bars  were 
fabricated.  One  was  mainly  for  automobile 
navigation  at  7.85  KHz  used  40  mm  length 
and  3.5  mm  width,  and  another  was  mainly 
for  preventing  camera  shake  at  25  KHz 
used  17  mm  length  and  2  mm  width. 


In  order  to  make  the  zero  temperature 
frequency  characteristic,  triangular  bar 
metals  were  annealed  at  about  600t  before 
glueing.  The  temperature  frequency  cha¬ 
racteristics  were  improved  to  less  than 
t3ppm/'’C  and  mechanical  Q  values  were 
more  than  2  ,  000 . 
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Fig. 5  FEM  figure  of  the  flexural  vibra¬ 
tion  of  a  triangular  bar. 


4.  Adjustment  of  resonance  frequency 

Matching  the  driving  frequency  in  x 
axis  to  the  detector  frequency  in  y  axis 
enables  high  detection  efficiency  of 
output  voltages  to  rotational  angular 
velocity. 

In  the  conventional  piezoelectric  vib¬ 
ratory  gyroscope  structure,  the  resonance 
frequencies  of  the  driver  and  detector 
pieces  have  been  tried  to  be  same  each 
other.  However,  the  deviation  of  manu¬ 
facturing  accuracy  causes  difference  of 
the  resonance  frequency  between  two  axis. 
Therelore,  it  is  extremely  difficult  to 
accurately  adjust  the  oscillation  fre¬ 
quency  to  detection  frequency  without 
disturbing  the  vibration  mode. 

In  the  frequency  adjustment  of  a  trian¬ 
gular  bar,  processing  is  performed  on  the 
rid<}eline  at  the  center  of  a  bar. 
Trimmin<|  of  the  ridgelinc  rises  up  the 
resonance  frequency  only  in  one  direction 
of  the  frexural  mode.  Thus,  adjustment 
of  one  Side  does  not  affect  the  resonance 
trequency  of  the  other  two  sides.  Accor- 
dirnjly,  the  resonance  1  requency  in  y  axis 
cMii  be  accurately  adjusted  to  the  reso¬ 
nance  frequency  in  x  axis. 


5.  Circuit  configuration 

The  two  pieces  in  three  FZT  ceramics 
were  used  as  drivers,  the  remaining  piece 
was  used  for  feedback  element  to  make  an 
oscillator  circuit.  The  two  pieces  were 
also  used  as  detectors  of  the  Coriolis 
force.  The  output  was  synchronously 
detected  after  differential  amplification 
and  a  DC  amplification  circuit  was  used 
as  shown  in  Fig. 6.  [4] 

As  the  results  of  many  experiments ,  our 
gyroscope  has  a  high  sensitivity  to  rota¬ 
tional  angular  velocity  and  a  high  S/N 
ratio.  Furthermore,  by  using  unique 
driving  and  detector  circuit,  the  shock 
and  Vibration  characteristics  of  the 
total  configuration  is  very  good  more 
than  100  times  comparing  to  the  conven¬ 
tional  vibratory  gyroscope. 


Fig. 6  Circuit  configuration  of  a  piezo¬ 
electric  vibratory  gyroscope  using 
a  triangle  bar. 


6.  Representative  characteristics 

The  representative  characteristics  re- 
cjuired  for  car  navigation  vibratory  gyro- 
sco[)es  are  sensitivity,  linearity  and 
durabi  lity. 

Fig. 7  shows  an  example  of  the  sensiti¬ 
vity  and  linearity  characteristics  of  our 
gyroscopes.  Fig. 8  shows  an  example  of 
the  drift  characteristics  comparing  with 
conventional  cjyroscopes.  Fig.  9  shows  an 
example  of  the  vibration  resistance  cha¬ 
racteristics  comparing  with  conventional 
gyroscopes . 
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Fig. 7  Sensitivity  and  linearity  charac¬ 
teristics  of  a  gyroscope  using  a 
triangle  bar. 


Fig. 8  Drift  characteristics  of  a  gyro¬ 
scope  using  a  triangle  bar  compar¬ 
ing  with  an  ordinary  one. 


Ordinary  type 


Triancular  type 


Fig. 9  Vibration  resistance  characteris¬ 
tics  comparing  with  an  ordinary 
gyroscope. 


7 .  Appli cations 

Fig.  10  shows  a  block  diagram  of  the  car 
navigation  system  used  our  vibratory 
gyroscope.  In  the  navigation  test  by  the 
block  diagram,  the  angle  was  calculated 
by  integrating  the  output  of  the  gyro¬ 
scope  and  the  distance  was  calculated  by 
integrating  the  speed  of  the  car.  Becau¬ 
se  of  the  nature  of  the  system,  even 
minute  errors  are  integrated  and  the 
error  accumulates  as  the  car  moves.  Sign 
posts  and  correlations  with  maps  are 
being  considered  as  a  means  of  calibra¬ 
tion. 

Fig. 11  shows  an  example  of  the  self¬ 
navigation  test  with  our  gyroscopes.  The 
car  was  able  to  return  to  the  starting 
point  correctly  after  4  mile  self¬ 
navigation  without  any  calibration. 

We  expect  many  applications  of  our 
gyroscopes  in  preventing  camera  shake, 
in  position  control  of  car  and  another 
robotts . 


8.  Conclusions 

Considering  basic  principles  of  the 
piezoelectric  vibratory  gyroscope,  we 
have  succeeded  in  developing  a  unique 
vibratory  gyroscope  using  flexural  vibra¬ 
tion  of  a  triangular  bar. 

A  simple  configuration,  high  sensitivi¬ 
ty  and  low  drift  are  main  merits  of  this 
gyroscope.  This  will  be  useful  not  only 
for  navigation  system  but  also  for  many 
other  applications. 
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Fig. 10  Block  diagram  of  the  navigation 
system  using  a  piezoelectric  vib¬ 
ratory  gyroscope. 


Start 


Question: 

What  is  the  variation  of  null  output 
over  the  temperature  range  for  zero 
angular  rate  input  to  the  gyroscope? 


Answer : 

Following  figure  shows  an  excimple  of 
temperature  drift  characteristic  of  null 
output.  We  can  guarantee  less  than  ±3 
deg/sec  in  temperature  range  from  -IOC  to 
60*C  for  this  gyroscope. 


TeAperaturo  drift  character ist ic 


Fig. 11  An  example  of  the  self-navigation 
test  with  a  piezoelectric  vibra¬ 
tory  gyroscope. 


265 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


SOLDER  BOND  APPLICATIONS 
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Abstract 

A  procedure  was  developed  to  use  solder  technology 
in  the  assembly  of  a  single-crystal  quartz  accelerom¬ 
eter.  87.5Au-12.5Ge  (wt.%)  solder  films  0.5X10~®, 
l.Ox  10”®,  and  2.0X  10”®  m  thick  were  formed  by  the 
electron  beam  deposition  of  individual  layers  of  Au 
and  Ge  with  thicknesses  so  that  the  bulk  film  compo¬ 
sition  equals  the  eutectic  composition.  Interdiffusion 
of  the  Au  and  Ge  formed  the  solder;  thermal-physical 
measurements  showed  the  multilayer  films  to  behave 
similarly  to  bulk  87.5Au-12.5Ge  solder  in  process 
thermal  cycles.  The  2.0x  10"®  m  thick  quartz/ Au-Ge/ 
quartz  bonds  had  an  adhesive  tensile  strength  of 
17  ±  2  MPa.  The  strength  increased  to  29  ±  3  MPa  and 
27  ±  12  MPa  after  thermal  shock  and  thermal  cycle 
exposures,  respectively.  The  l.OX  10"  ®  m  thick  bonds 
exhibited  strengths  of  16  ±  3  MPa,  16  MPa,  and  15  ±  8 
MPa  in  the  as-fabricated,  post-thermal  shock,  and 
post-thermal  cycled  samples,  respectively.  The 
0.5X  10”®  m  joints  produced  a  large  degree  of  scatter 
in  the  strength  values.  Accelerometers  assembled 
with  the  2.0X10”®  m  thick  joints  demonstrated  a 
significant  improvement  in  temperature  performance 
as  opposed  to  units  fabricated  with  a  polyimide 
adhesive. 


1.  Introduction 

A  large  family  of  sensors  for  detecting  tempera¬ 
ture,  pressure,  and  acceleration  is  constructed  of 
piezoelectric  ceramics  such  as  single  crystal  quartz, 
barium  titanate,  or  lithium  niobate.  The  fabrication 
of  a  growing  number  of  these  devices  requires  the 
physical  joining  of  individual  pieces  of  the  ceramic. 
This  paper  describes  the  development  of  a  thin  solder 
bond  technique  that  was  used  in  the  assembly  of  an 
accelerometer  (1)  made  from  single-crystal  quartz. 


A  schematic  diagram  of  the  quartz  digital  accel¬ 
erometer  (QDA)  is  shown  in  Fig.  1.  It  consisted  of  two 
double-ended  tuning  forks  (DETFs)  arranged  one  on 
top  of  the  other  and  separated  by  two  spacers  at 
either  end.  All  parts  were  manufactured  of  single¬ 
crystal  quartz  with  the  z  crystallographic  direction 
out  of  the  major  plane.  The  x  and  y  directions  were 
across  the  width  and  along  the  length,  respectively,  of 
the  tuning  forks.  The  coefficient  of  thermal  expansion 
and  the  elastic  moduli  were  the  same  in  the  orthogo¬ 
nal  X  and  y  directions  and  are  outlined  in  Table  1  [2]. 
These  parameters  are  important  in  determining  the 
residual  stresses  in  the  joint  (which  will  be  calculated 
later  in  this  report).  The  dimensions  of  the  bond  areas 
measured  0.0010  X  0.{X)14  m.  The  substrate  surfaces 
were  coated  with  45  nm  of  Cr  on  the  quartz  followed 
with  180  nm  of  Au.  The  Cr-Au  thin  films  were 
retained  from  the  photolithographic  processing  used 
to  fabricate  the  quartz  parts. 

The  performance  of  the  accelerometer  required 
that  the  joints  be  of  a  uniform  thickness  over  the 
bond  area.  Non-uniformity  was  observed  in  initial 
assemblies,  which  used  organic  adhesives  (Fig.  2), 
causing  temperature-dependent  frequency  shifts  that 
detracted  from  the  sensor’s  performance.  The  effects 
of  bond  joint  misalignment  on  the  resonator  proper¬ 
ties  were  confirmed  by  finite  element  analysis  [3].  It 
was  also  necessary  that  the  joints  be  as  thin  as 
possible  (preferably  <5X10”®  m)  and  that  the  adhe¬ 
sive  be  precisely  located  on  the  bonding  pads.  More¬ 
over,  reproducibility  of  the  accelerometer’s  perfor¬ 
mance  required  that  the  same  bond  thickness, 
uniformity,  and  lateral  dimensions  be  met  on  each 
unit.  Besides  an  adequate  adhesive  strength,  other 
properties  required  of  the  bonding  agent  were  low 
vapor  pressure  constituents  to  minimize  changes  to 
the  tuning  fork  frequencies  and  thermal-physical 
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Figure  1.  A  schematic  diagram  of  the  quartz  digital 
accelerometer  assembly.  The  bonding  surface  loca¬ 
tions  have  been  highlighted. 


Table  1.  Thermal-Physical  Properties  of 
the  X  and  y  Directions  of  Single-Crystal 
Quartz. 


Material 

Quartz  (x,y) 

Coefficient 

of 

Thermal  Expansion 
(°c-') 

(-  1.405  +  0. 1  147  T  - 
5.526x10-“  T2  + 

5.682x  10*^  - 

3.  185x10“’°  T“  )  X  10“® 
(T,  °K) 

Elastic 

Modulus 

(MPa) 

86814  (  1  - 
4.359x10-5a  T  - 
1.110x10-''A  T2  ) 

(T,  °C;  AT=T-20°C) 

Poisson’s 

Ratio 

0.25 

Figure  2.  Optical  micrograph  of  the  bond  joint  of  a 
QDA  assembly  in  cross  section  showing  non-uniform 
joint  thickness,  which  plagued  the  use  of  the  polyimide 
adhesive. 


267 


properties  compatible  with  subsequent  processing 
steps  and  the  use  environment. 

The  bonding  material  selected  for  this  applica¬ 
tion  was  the  eutectic  gold-germanium  solder,  87.5Au- 
ri.SGe  (wt. '(  ).  The  melting  point  is  361°C  [4],  well 
above  the  maximum  secondary  processing  tempera¬ 
ture  of  310°C.  The  gold-rich  and  germanium-rich 
phases  that  constitute  the  eutectic  solder  readily  wet 
the  Cr-Au  coated  quartz  surface  without  the  require¬ 
ment  of  a  flux.  The  gold  and  germanium  both  have 
low  vapor  pressures.  The  properties  of  the  87.5Au- 
12.5Ge  solder  are  listed  in  Table  2  [5,6].  The  coeffi¬ 
cient  of  thermal  expansion  is  high  relative  to  most 
metal  systems,  thus  allowing  the  87.5Au-12.5Ge  alloy 
to  more  closely  match  the  expansion  coefficient  of  the 
quartz  in  the  x  and  y  directions.  The  thermal  expan¬ 
sions  of  the  quartz  and  solder  deviated  at  elevated 
temperatures  such  that  upon  cooling  from  the  reflow 
temperature,  tensile  residual  stresses  were  introduced 
into  the  quartz  and  compressive  stresses  into  the 
solder.  The  brittle  nature  of  the  quartz  necessitated 
an  evaluation  of  the  magnitude  of  those  stress  values. 

Table  2.  Thermal-Physical  Properties  of 
87.5Au-12.5Ge  Solder. 


yate'ia 

87,5Al.- 12.5Ge  (bulk) 

Coeffl-ient 

of 

12.03x10"® 

Thermal  expansion 

1000  (138.8- 

E  ostic 

0.2298  ^  -1- 

Mog  jlus 

S.ZeZxiO""^  T^- 

(VPa) 

4.629x  10"^  T^  ) 

("  °K) 

Poisson's 

0.3843  -  3.084x10"®  " 

Ratio 

(T,  “O 

A  first  order  approximation  to  the  residual 
stresses  in  the  solder  and  quartz  substrates  caused  by 
thermal  expansion  mismatch  between  the  two  mate¬ 
rials  was  derived  from  the  one-dimensional,  bi-metal 
beam  problem  developed  by  Timoshenko  [7].  Creep 
of  the  solder  is  not  figured  in  this  model.  However,  the 
one-dimensional  calculation  was  not  adequate  for  the 
present  situation  because  the  bond  area  geometry 
required  that  both  planar  dimensions  be  considered. 
Therefore,  a  two-dimensional  approximation  will  be 
presented.  Shown  in  Fig.  3  is  the  geometry  of  the 
bond  architecture  used  in  the  residual  stress  analysis. 


The  algebraic  expressions  required  for  the  calculation 
of  the  forces  in  each  of  the  layers  were  based  upon  ( 1 ) 
force  balance,  (2)  moment  balance,  and  (3)  compati¬ 
bility  at  the  layer  interfaces.  The  system  of  equations 
was  developed  in  each  of  the  x  and  y  directions.  The 
Poisson  effect  caused  the  two  sets  of  equations  to 
couple.  The  system  of  equations  remained  determi¬ 
nant  with  12  equations  for  the  following  12  unknowns: 
R„,  Ry,  Pj  1,  Px,2>  Px,:t>  f’x.4>  Px„S>  Py,l>  Py.:)*  f*y.4> 

and  Py  5-  The  parameters  R,  and  Ry  were  the  radii  of 
curvature  about  the  axis  parallel  to  the  x  and  y 
directions,  respectively,  and  is  the  layer  thick¬ 
nesses.  P,(  i  and  Py  i  were  the  forces  in  the  i^*’  layer 
(i=l,2, . .  .,5)  parallel  to  the  x  and  y  directions,  re¬ 
spectively.  The  equations  in  the  x  direction  only  will 
be  outlined  below;  the  corresponding  y  expressions 
are  the  same  except  for  an  interchange  of  the  x  and  y 
notations.  The  force  balance  is  given  by. 

5 

X  Px.i=  0  (1) 

i  =  l 
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Au  --Ge— t 


QUARTZ- 

Au-G 
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* 

i 

1 


°2 
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Figure  3.  Schematic  diagram  of  the  geometry  of  the 
QDA  bond  joints  used  to  calculate  the  residual 
stresses  in  the  quartz  substrates  and  solder  films. 


The  moment  balance  is  given  by: 


P.,,  I  -T  Px.2 


^a,  +  ^a,  -I-  82  -1-^^ 

+  Pk.4  ^ai -(-a2-l-a.i-T-^^-l- P,,s  ^8] -t-a2-T 8:14-84  -I-  (2) 


+  ,rt  r>  +  82'^ +  Ex.;i  33’ +  Ex,4  a/ +  E,  —  0 

1 2a  rvy 


i  is  the  elastic  modulus  in  the  ith  layer.  Finally,  the 
compatibility  requirement  (which  stipulates  that 
there  is  no  separation  permitted  at  the  layer  inter¬ 
faces)  is  given  by  the  following  expression: 
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|Px,. 

1 

E,.,  a, 

[  C  d  j 

Ex,j  a, 

[  c  d 

where  j  =  i  +  l.  i'  is  the  Poisson’s  ratio  and  o  is  the 
thermal  expansion  coefficient.  The  system  of  equa¬ 
tions  was  solved  by  linear  algebra  techniques. 

The  loads  in  each  layer  were  the  sum  of  the  values 
calculated  in  each  of  six  temperature  steps  between 
I100°C  and  20°C.  The  values  of  1/R^  and  1/Ry  were 
approximately  zero  as  expected  from  the  symmetry  of 
the  joints  (Fig.  3).  Therefore,  the  axial  loads  were  the 
maximum  values  so  that  '..hen  divided  by  the  cross 
sectional  area  normal  to  the  load,  they  defined  the 
stress  level  acting  on  the  layer.  The  residual  stresses 
for  three  layer  thicknesses  are  summarized  in  Table  3. 
Symmetry  also  caused  the  stress  levels  to  be  same  in 
similar-type  layers.  For  the  2X 10  ®  m  thick  joint,  the 
stresses  in  the  quartz  layers  were  tensile  at  1.4  MPa 
and  2.9  MPa  in  the  x  and  y  directions,  respectively. 
Correspondingly,  compressive  stresses  in  the  solder 
layers  were  — 160  MPa  and  —330  MPa  for  the  x  and 
y  axes  directions,  respectively.  The  tensile  stresses  in 
the  quartz  were  one  to  two  orders  of  magnitude  below 
the  fracture  strength  of  the  quartz,  thereby  reducing 
the  likelihood  of  failure  to  the  quartz  substrates.  The 
stress  in  the  quartz  layers  decreased  in  proportion  to 
the  solder  layer  thickness,  thereby  allowing  the  re¬ 
sults  in  Table  3  to  be  extrapolated  to  other  solder 
layer  thicknesses.  The  compressive  stresses  in  the 
Solder  film  were  relatively  large  because  of  the  limited 
solder  film  thickness.  The  stress  levels  in  the  solder 
films  were  constant  for  the  various  thicknesses  be¬ 
cause  tbe  cross  sectional  area  dropped  proportionally 
with  the  load.  The  effect  of  the  compressive  stresses 
on  film  adhesion  will  need  to  be  assessed  experimen¬ 
tally,  particularly  because  the  constrained  geometry 
of  the  solder  joint  may  alter  the  failure  properties.  In 
summary,  this  calculation  indicated  that  the  thermal 
mismatch  residual  stress  levels  generated  in  the 
quartz  were  not  sufficient  to  cause  fracture  at  the 
proposed  range  of  joint  thicknesses.  However,  the 
effect  of  the  corresponding  compressive  loads  in  the 
solder  film  awaited  testing  of  the  joints. 

Thin  film  deposition  techniques  were  developed 
to  deliver  a  precise  pattern  of  solder  to  the  substrate. 
An  initial  attempt  was  made  to  sputter-deposit  tbe 
films  from  an  87. .5  Au-12..5  Ge  source.  Because  sput¬ 
tering  IS  a  mechanically  based  transfer  of  atoms  from 
the  target  to  the  substrate,  the  procedure  offered  a 
greater  likelihood  of  reproducing  the  solder  composi¬ 


tion  t)n  the  substrate.  Tbe  sputter-deposited  films 
showed  slight  composition  variations  from  the  eutectic 
value;  however,  the  discrepancies  did  not  significantly 
affect  the  retlow  parameters  of  the  solder  as  deter¬ 
mined  by  differential  scanning  calorimetry  (DSCl. 
However,  bonding  between  tbe  solder  film  and  the 
metallized  quartz  substrates  was  poor  because  of 
severe  oxidation  of  the  Ge-rich  phase.  Moreover, 
oxidation  of  the  films  was  enhanced  by  extensive 
porosity  generated  by  the  sputter-deposition  process. 


Table  3.  Residual  Stress  Values  in  the 
Solder  and  Quartz  Layers  of  the  Bond 
Joint,  Fig.  3. 


Voider  La^c" 
'hic.<ness 

10“®  -n 

X* 

^es due 
C.jart.“- 

.  if 

Stress 

S 

0.5 

0,^5 

—  1  D  nv  ^ 

1.0 

1  1.5 

-  160  540 

2.0 

1.4 

2.9 

■60  -3,30 

•  locds  poroile  to  the  l.O  mm  o  miens  or 

#  ocds  para!ie  to  the  1.4  mm  d  mers^o'* 


The  sputter-deposited  films  clearly  showed  that 
exposure  of  the  Ge-rich  phase  to  air  had  to  be  limited 
for  successful  bonding.  Therefore,  an  alternate  proce¬ 
dure  was  developed  whereby  Au  and  Ge  were  depos¬ 
ited  as  separate  layers  in  the  sequence  of  Au-Ge-Au. 
The  stacking  order  protected  the  Ge  layer  from 
excessive  oxidation.  The  thicknesses  of  the  layers 
were  selected  such  that  together  the  composition  of 
the  total  film  would  equal  that  of  the  eutectic  mate¬ 
rial.  For  a  2.0X  10  m  thick  solder  layer,  the  ^u  and 
Ge  thicknesses  were  658  and  684  nm,  respectively. 
The  anticipated  process  within  the  films  was  that 
upon  heating  the  component  layers  would  interdiffuse 
and  form  the  eutectic  solder.  The  three  principal 
concerns  of  this  technique  were  that  (1)  the  required 
Au  and  Ge  layer  thicknesses  for  a  proposed  2.0  X  10  ^ 
m  joint  were  large  enough  to  generate  internal 
stresses  sufficient  to  cause  decohesion  during  deposi¬ 
tion  or  prior  to  reflow;  (2)  the  film  thicknesses  had  to 
allow  the  intermixing  of  the  Au  and  Ge  layers  at  a 
temperature  near  to  or  below  the  expected  reflow 
temperature  of  361°C  characteristic  of  the  cast  alloy; 
and  (3)  it  was  necessary  to  determine  whether  there 
were  physical  artifacts  in  the  films  during  intermixing 
that  would  disrupt  the  joint. 

These  three  concerns  were  answered  in  a  series  of 
short  experiments.  The  film  integrity  was  verified  by 
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depositing  the  multilayer  658  nm  Au  -  684  nm  Ge 
658  nm  Au  coaling  on  a  polished  fused  silica  plate 
that  had  already  been  coated  with  45  nm  Cr  followed 
by  180  nm  Au.  All  film  thicknesses  were  verified  to  be 
±l-2'<  of  the  nominal  values.  The  films  remained 
intact  after  deposition.  The  substrate  was  fractured 
to  reveal  the  three  layers  (and  the  Cr-Au  metalliza¬ 
tion)  by  scanning  electron  microscopy  (SEM)  as 
shown  in  Fig.  4.  Even  the  fracture  did  not  cause  the 
film  layers  to  delaminate.  In  fact,  the  bi-layer  system 
of  684  nm  Ge  followed  with  1316  nm  Au  also  remained 
adherent  to  the  substrate  with  no  indication  of  sepa¬ 
ration  between  the  Au  and  Ge  components.  These 
results  confirmed  that  the  multilayer  films  could 
be  deposited  at  the  required  thicknesses  without 
decohesion. 


Figure  4.  Scanning  electron  micrograph  of  the  cross 
section  of  the  Au-Ge-Au  multilayer  film  (total  thick¬ 
ness,  2.0  microns)  on  Cr-Au  metallized  fused  silica. 


The  thermal-physical  properties  of  the  films  were 
examined  by  DSC  analysis.  For  this  study,  optically 
polished  NaCl  substrates  were  first  coated  with  45  nm 
Cr  and  180  nm  Au.  Then,  the  multilayer  658  nm  Au  - 
684  nm  Ge  -  658  nm  Au  film  was  deposited  on  the 
specimen.  Two  other  film  architectures  were  also 
examined:  684  nm  Ge  -  1316  nm  Au  and  342  nm  Ge  - 
329  nm  Au  -  342  nm  Ge  -  329  nm  Au.  The  coated  salt 
substrates  were  then  placed  in  a  bath  of  1:1  deionized 
water  and  ethyl  alcohol,  which  slowly  dissolved  the 
NaCl  substrate,  releasing  the  films.  The  DSC  mea¬ 
surements  were  made  at  a  scanning  rate  of  10°C/min 
between  25°C  and  420°C.  Two  temperature  cycles 
were  made  with  each  sample.  Shown  in  Fig.  5a  is  the 
initial  DSC  plot  of  the  film  system,  684  nm  Ge  -  1316 
nm  Au.  The  curve  exhibited  some  small  amplitude 
exotherms  prior  to  the  melting  peak  that  were  not 


present  in  the  curve  derived  from  a  section  of  cast 
87.5Au-12.5Ge  solder  ribbon,  a  portion  of  which  is 
shown  in  Fig.  5b.  The  onset  temperature  (which 
designated  the  “melting”  point)  of  the  endothermic 
peak  from  the  multilayer  film,  362±1°C,  was  not 
significantly  different  from  that  of  the  cast  ribbon, 
360±1°C.  A  second  thermal-physical  parameter  of 
the  melting  process  was  the  heat  of  transformation 
(fusion),  AH,.  The  value  of  AH,  for  the  multilayer  film 
was  75  ±2  J/g  as  compared  to  77  ±2  J/g  for  the  cast 
87.5Au  12.5Ge.  Similar  results  and  DSC  curves  were 
obtained  from  the  other  two  film  structures.  There¬ 
fore,  these  data  clearly  showed  that  the  thermal- 
physical  properties  of  the  multilayer  films  were  nearly 
identical  to  those  of  the  cast  alloy. 


0  100  200  300  400 

Temperature  (C) 

(a) 


Temperature  (C) 
(b) 


Figure  5.  (a)  DSC  curve  of  the  684  A  Ge  -  1316  A  Au 

multilayer  film,  (b)  DSC  curve  of  a  sample  of  cast 
87.5Au  -  12.5Ge  ribbon.  In  both  plots,  the  scanning 
rate  was  10°C/min. 
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Microscopic  examination  of  the  reOowed  Au- 
Ge-Au  film  exhibited  the  two-phase  structure  of  the 
eutectic  system.  The  extent  of  interdiffusion/phase 
separation  of  the  Au  and  Ge  constituents  is  demon¬ 
strated  in  Fig.  6.  Fig.  6a  indicates  the  mixed  morphol¬ 
ogy  of  the  Au-  and  Ge-rich  regions,  which  upon 
further  heating  in  vacuum  caused  the  solder  to  collect 
into  small  balls  (Fig.  6b).  Interestingly  enough,  when 
reOow  was  performed  in  air,  the  solder  did  not  collect 
under  its  own  surface  tension  but  rather  formed  a 
complete  coating  over  the  whole  substrate  surface. 


(b) 


Figure  6.  (a)  Optical  micrograph  of  the  morphology 
of  the  multilayer  film  after  heating  in  vacuum  at 
370°C  for  5  min.  (b)  Heating  the  film  in  vacuum  at 
390°C  for  15  min  caused  the  solder  to  ball  up  under 
the  effect  of  its  surface  tension. 


The  third  concern  of  the  multilayer  films  was  the 
appearance  of  physical  artifacts  that  were  part  of  the 
intermixing  process  and  that  would  disrupt  the  bond 
formation.  It  was  necessary  to  freeze  the  interdiffusion 
process  so  that  observations  and  dimensional  mea¬ 
surements  could  be  made  of  any  intermediate  struc¬ 
tures  in  the  film.  A  procedure  was  developed  whereby 
0.0254  X  0.0254  X  0.00016  m  thick  optically  polished, 
fused  silica  substrates  were  deposited  with  the  45  nm 
Cr  -  180  nm  Au  metallization  followed  by  one  of  the 
three  Au-Ge  multilayer  film  sequences  noted  earlier 
to  a  total  solder  thickness  of  2.0x  10  ®  m.  Each  wafer 
was  placed  edge-on  onto  a  hot  plate  (in  air)  that  was 
at  420°C,  creating  a  thermal  gradient  within  the 
substrate.  Intermixing/reflow  of  the  films  was  visually 
detected  by  a  change  to  the  surface  finish,  color,  and 
luster.  The  appearance  change  progressed  as  a  front 
up  the  substrate  along  the  thermal  gradient.  The 
movement  of  the  front  was  stopped  by  removal  of  the 
substrate  from  the  hot  plate.  The  film  surface  was 
examined  by  surface  profilometry.  A  sample  profile 
and  a  micrograph  of  the  corresponding  area  taken 
from  the  Au-Ge-Au  film  are  shown  in  Fig.  7.  The 
boundary  between  reflowed  and  non-reflowed  mate¬ 
rial  had  an  elevation  of  1.4x10"®  m  above  either 
area;  the  reflowed  region  had  the  same  relative  height 
as  the  non-reflowed  area.  Similar  features  were  ob¬ 
served  with  the  other  Au-Ge  film  stacking  patterns. 
This  analysis  confirmed  that  the  starting  thickness  of 
the  multilayer  film  was  reproduced  in  the  reflowed 
solder  film. 

In  summary,  these  experiments  verified  that  the 
multilayer  Au-Ge  films  had  the  same  thermal- 
physical  characteristics  as  the  cast  87.5Au-12.5Ge 
solder  ribbon.  Also,  the  films  could  be  deposited  to 
the  observed  thicknesses  without  a  loss  of  adhesion  to 
the  metallized  substrate.  The  films  remained  adher¬ 
ent  after  intermixing  and  reflow  of  the  Au  and  Ge 
components  and  did  not  exhibit  properties  that  would 
hinder  joint  formation. 

Use  of  the  thin  film  87.5Au-12.5Ge  solder  as  an 
adhesive  required  that  a  suitable  bond  strength  be 
achieved  between  the  (metallized)  quartz  substrates. 
Moreover  the  bond  strength  had  to  be  maintained 
through  thermal  cycling  conditions  as  well  as  after 
exposure  to  thermal  environments  required  by  subse¬ 
quent  processing  of  the  sensor.  An  evaluation  of  the 
bond  strength  required  the  development  of  test  sam¬ 
ples  (and  procedures)  that  closely  simulated  solder 
joints  in  the  actual  device.  That  test  program  will  be 
detailed  in  the  following  section. 
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(b) 


Figure  7.  (a)  Surface  profilometer  trace  normal  to 

the  front  formed  between  the  reflowed  and  non- 
reflowed  regions  of  the  Au-Ge-Au  film  (2.0  microns 
thick)  on  fused  silica,  (b)  Optical  micrograph  of  the 
boundary  feature  detected  by  the  profilometer  trace. 


with  the  z  direction  perpendicular  to  the  major  faces. 
The  surfaces  were  optically  polished  to  a  finish  of  73 
nm  RMS.  One  substrate  was  coated  on  one  side  with 
the  45  nm  Cr  -  180  nm  Au  metallization  billowed  by 
the  three  layer  (Au-Ge-Au)  solder  film.  The  three 
layer  architecture  was  used  exclusively  in  this  study. 
Total  solder  thicknesses  of  0.5  X  10  1.0  X  10 

and  2.0  X  10  ®  m  were  evaluated.  After  deposition, 
the  wafer  was  cut  up  into  sections  approximately 
0.00635  X  0.00635  m. 

The  second  substrate  was  optically  polished, 
z-oriented  single-crystal  quartz  with  the  45  nm  Cr  - 
180  nm  Au  metallization  deposited  on  one  side  of  the 
wafer.  Photolithography  and  quartz  milling  tech¬ 
niques  were  used  to  define  a  0.00317  X  0.00317  m 
area  of  Cr-Au  metallization  centered  on  a  0.00635  X 
0.00635  m  section  of  quartz  cut  from  the  larger  wafer. 
The  bond  area  was  defined  by  the  0.00317  m  square 
area  of  the  second  substrate;  the  Au-Ge  solder  did  not 
adhere  to  the  bare  quartz  surface.  A  schematic  dia¬ 
gram  of  the  bonding  sample  substrates  is  shown  in 
Fig.  8. 
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Figure  8.  Schematic  diagram  of  the  bonding  test 
substrates. 


2.  Experimental 

The  strength  of  the  Au-Ge  bond  was  evaluated  by 
testing  the  Joint  in  tension.  It  was  critical  that  in  order 
to  model  the  actual  joint  and  therefore  predict  its 
behavior  in  the  assembled  accelerometer,  the  bonded 
substrates  had  to  have  the  same  quartz  orientation, 
similar  dimensions,  and  identical  surface  finish  in¬ 
cluding  the  Cr-Au  metallization  layer. 

The  substrates  were  fabricated  from  0.0269  X 
0.0236  X  0.000152  ±  0.000010  m  single  crystal  quartz 


The  bond  sample  was  assembled  in  the  fixture 
shown  in  Fig.  9a;  the  assembly  process  is  diagrammed 
in  Fig.  9b.  The  two  substrate  pieces  were  placed 
between  two  wedges  that  fit  into  the  grips  of  the 
fixture.  The  quartz  wedges  were  constructed  of  single¬ 
crystal  quartz  with  the  z  direction  parallel  to  that  of 
the  substrates  in  order  to  match  their  thermal  expan¬ 
sion  coefficients  during  reflow.  A  0.00317  X  0.00317 
X  0.000813  m  section  of  20 filled  copper  felt  was 
located  between  each  quartz  wedge  and  the  substrate 
to  assure  a  uniform  distribution  of  pressure  over  the 
bond  area. 
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Figure  9.  (a)  Schematic  diagram  of  the  fixture  used 
to  assemble  the  bonding  strength  test  specimens,  (b) 
Process  sequence  used  to  assemble  the  test  samples. 


Retlow  was  performed  in  vacuum  (typically 
<-l.llXl('  '  Pa).  Furnace  control  and  temperature 
monitoring  were  performed  through  a  Pype  K  ther¬ 
mocouple  embedded  in  a  hole  in  one  of  the  wedges. 
The  peak  temperature  and  time  parameters  for  reflow 
were  varied  from  'MO°C  to  ,'190°C  and  min  to  M)  min, 
respectively,  with  the  goal  of  determining  the  lowest 
value  of  each  that  would  produce  satisfactory  bonds. 

Some  samples  were  mechanically  tested  in  the 
as-fabricated  conditions.  Other  specimens  were  sub¬ 
jected  to  either  (1)  thermal  shock  exposure;  (2)  ther¬ 
mal  cycling  exposure;  or  (It)  a  static  heat  treatment 
developed  to  replicate  subsequent  processing  steps 
(resulting  from  packaging  procedures).  The  thermal 
shock  exposure  had  the  following  parameters;  (a) 
limits,  — .5.5°C  to  12f>°C;  (b)  200  cycles;  (c)  instanta¬ 
neous  temperature  ramps;  and  (d)  10  min  hold  times 
at  the  temperature  limits.  The  thermal  cycle  tests 
were  performed  as  follows:  (a)  limits,  —  to 

125°C;  (b)  100  cycles;  (c)  temperature  ramps  of  6°C7 
min;  and  (d)  120  min  hold  times  at  the  temperature 
limits.  Finally,  static  annealing  treatments  were  con¬ 
ducted  in  air  and  vacuum  with  the  following  schedule; 
(a)  25°C  to  300°C  at  5°C/min;  (b)  hold  at  3()0°C  for 
180  min;  and  (c>  furnace  cool. 

After  the  quartz/Au-Ge/quartz  pull  test  speci¬ 
mens  had  been  fabricated,  each  was  bonded  between 
two  metal  wedges  (similar  to  the  quartz  wedges  used 
earlier)  by  means  of  a  cold-setting  epoxy  in  a  fixture 
like  that  in  Fig.  9a.  The  fixture  and  the  sample  were 
then  transferred  to  an  Instron'^'^’  1130  load  frame  for 
the  pull  test.  The  crosshead  speed  was  1.7  x  K)  ^  m/s. 
The  maximum  load  of  the  test  divided  by  the  bond 
area,  1.01  XIO"”'  in'^,  was  used  to  calculate  the  bond 
strength  (stress)  values. 

3.  Results  and  Discussion 

A.  Adhesion  tests  -  as-fabricated  solder  joints. 

Observations  of  the  bonding  samples  after  assem¬ 
bly  showed  no  indication  of  cracks  or  failures  as  would 
be  expected  from  excessive  residual  stress  generation. 
Shown  in  Table  4  are  the  pull  strength  data  of  the 
l.OxlO  and  2.0x10  m  thick  bonds  formed  by 
reflow  at  390°C  and  15  min.  The  load-displacement 
curves  showed  no  evidence  of  ductility.  The  average 
strength  (and  ±  one  sigma)  of  the  2.0 X  10  m  joints 
was  18 ±3  MPa.  This  value  is  a  lower  limit  of  the 
strength  because  test  #4  exhibited  premature  failure 
in  the  quartz  and  epoxy;  the  actual  Au-Ge  bond 
remained  intact.  In  all  cases  but  test  tt4,  the  failure 
took  place  in  the  joint;  specifically,  fracture  occurred 
between  the  metallization  and  the  quartz  substrate 
surface.  Optical  micrographs  of  the  two  complemen¬ 
tary  fracture  surfaces  are  shown  in  Figs.  10a  and  iOb. 
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Hijjher  magnification  micrographs  and  a  schematic 
interpretation  of  the  failure  path  are  shown  in  Figs. 
10c,  lOd,  and  lUe.  it  was  apparent  that  the  solder  did 
not  completely  fill  the  joint  but  rather  formed  closely 
packed  cells.  The  two  zones  in  Fig.  lOa  and  Fig.  10b 
were  distinguished  by  the  spacing  of  the  cell-like 
morphology.  It  is  likely  that  this  phenomenon  was  a 
feature  intrinsic  to  the  reflow  properties  of  the  film 
under  the  confined  geometry  of  the  joint.  Repeatabil¬ 
ity  of  the  morphology  between  samples  eliminated 
the  source  as  variations  to  the  flatness  of  the  quartz 
surface  that  would  cause  incomplete  filling  of  the 
joint. 

Table  4.  Adhesion  Strength  of  the  1.0 
and  2.0  Micron  Thick  Au-Ge  Bonds. 


Bond 

ThlCf<ness 

(nn) 

Test 

Strength* 

(MPa) 

Fal'ure 

Mode 

2.0  X  10  ® 

• 

16 

Bone 

n 

19 

3onc 

T 

’5 

Bone 

4 

21 

Qtz 

.  -t  Epoxy 

1.0  X  10“® 

1 

13 

Bone 

2 

18 

Bond 

2 

16 

Bond 

•  Absolute  (measurement) 

error  =  ±.0.3 

MPa. 

Three  samples  with  2.0X10'*’  m  thick  bonds 
were  fabricated  by  dropping  the  reflow  time  period 
from  15  min  to  5  min.  The  recorded  adhesion 
strengths  were  0.84,  2,6,  and  13  MPa.  The  fracture 
surface  of  the  0.8  and  2.6  MPa  tests  samples  clearly 
showed  incomplete  reflow  of  the  solder.  Increasing 
the  time  period  from  15  min  to  30  min  had  no  effect 
on  the  bond  performance. 

Two  samples  were  fabricated  with  the  reflow 
cycle  of  .370°C,  5  min.  The  strength  values  were  0.7 
and  1.2  MPa.  The  fracture  surfaces  clearly  showed 
incomplete  reflow;  however,  the  Au  and  Ge  were  well 
intermixed.  It  was  suspected  that  the  solder  film 
condition  was  similar  to  that  of  the  boundary  region 


in  Fig.  7b.  In  conclusion,  it  was  determined  that  the 
optimum  reflow  parameters  for  the  test  program  were 
390°C.  15  min. 

In  Table  4.  data  is  presented  from  the  l.Ox  10  " 
m  thick  joints  in  the  as-soldered  condition.  The 
strength  was  16  ±  3  MPa.  In  all  cases,  the  failure  was 
within  the  joint  at  the  metallization-quartz  interface 
of  that  substrate  which  was  previously  coated  with 
the  Au-Ge  multilayer  .ating.  Low-magnification  op¬ 
tical  micrographs  (I'ig.  11)  indicated  that  the  solder 
and  metallization  within  the  bond  area  had  com¬ 
pletely  separated  from  the  quartz  surface.  The  differ¬ 
ent  failure  modes  between  the  1.0x10  *’  m  and 
2.0X10  **  m  thick  joints  clearly  showed  that  the 
structure  of  the  solder  film  was  dependent  on  the 
joint  thickness;  yet,  the  strength  values  were  not 
significantly  different. 

The  adhesion  strength  data  of  the  0.5x10  "  m 
thick  joints  appears  in  Table  5.  The  first  four  tests 
{Ul  to  #4)  showed  a  large  degree  of  variability  in  the 
data  (13  ±10  MPa).  The  tests  were  repeated  with  a 
second  group  of  four  samples  {U5  through  US)  to 
confirm  the  strength  variability.  Similar  scatter  was 
indeed  observed  (13  ±8  MPa).  In  all  eight  tests, 
failure  occurred  within  the  bond  region.  In  five  in¬ 
stances,  the  fracture  surface  indicated  a  lack  of  inti¬ 
mate  contact  between  the  two  substrates,  which  was 
likely  caused  by  obstructions  such  as  dust  particles 
present  during  assembly.  In  three  cases,  failure  was 
observed  at  the  metallization-quartz  interface.  Two  of 
the  three  failures  had  morphologies  similar  to  those  of 
the  1.0X10'®  m  thick  joints,  yet  had  strength  values 
which  were  very  low.  The  poor  adhesion  between  the 
film  and  the  quartz  may  reflect  a  general  weakening 
of  the  joint  (interfaces)  caused  by  the  thinner,  more 
confined  geometry.  This  thinner  geometry  limits  the 
time-dependent  deformation  during  cooling  and 
the  relaxation  of  a  portion  of  the  residual  stresses 
(Table  3). 

The  scatter  of  the  strength  values  caused  the 
0.5X10“®  m  joint  to  be  removed  from  further  evalu¬ 
ation  for  sensor  assembly. 

In  conclusion,  it  was  determined  that  the 
1.0x10“®  and  2.0X10  ®  m  thick  multilayer  Au-Ge 
solder  films  would  produce  bonds  that  were  consis¬ 
tently  strong  enough  (>4  MPa)  to  satisfy  the  sensor 
specifications. 


274 


•♦■nFr 


’m>s 


-  ^ 


.r- 


*  r 


5v? 


Z^- 

*1^4 

^  ^  .7 


■■ 


Vi 


,t«*l4.'^ 


V  ..t- 


4  ff 


*- 


1%  *. 


-  ' 


i 


aiJAHi. 


]_^  SOL  OCR  -\, 


■ME  tall  JZ. 


OUARIZ 


Figure  10.  i  a ).  i  l)l  l.uw-nia^'nil'icatiim  nptical  niicro^'raphs  nl  itic  Iraclurc  surla(  t“^  ol  the  pattiTiifd  ^uhsiratc  and 
I  lie  M)ld(T  |)lus  mctalli/cd  sid)siralc.  respect  i\flv.  from  a  d.n  micron  thick  .Xudie  Milder  joip.t  alter  the  i)ull  test, 
ic),  idi  Hiuh  mamiiticat  ion  optical  micrographs  ol  t  he  same  respective  Iracture  surlaccs.  lel  A  schematic  diagram 
Ilf  t  he  t.iilure  pat  h. 


1 


(b) 


Figure  11.  Low-magnification  optical  micrographs  of 
the  fracture  surfaces  of  (a)  the  patterned  substrate 
and  (b)  the  solder  plus  metallized  substrate,  respec¬ 
tively,  from  a  1.0  micron  thick  solder  joint  after  the 
pull  test. 


Table  5.  Adhesion  Strength  of  the  0.5 
Micron  Thick  Au-Ge  Bonds. 


B.  Adhesion  tests  -  thermally  shocked  and  thermally 
cycled  solder  joints. 

Listed  in  Table  6  are  the  adhesion  strength  values 
of  the  2.0x10  *’  m  thick  solder  joints  after  exposure 
to  either  200  thermal  shock  cycles  or  100  thermal 
cycles  together  with  the  as-fabricated  results.  The 
mean  strength  ( ±  one  standard  deviation)  from  the 
thermal  shock  data  was  29  ±3  MPa.  Fracture  took 
place  entirely  in  the  quartz  or  epoxy  for  two  of  the 
three  tests  while  the  entire  bond  remained  intact. 
Therefore,  the  mean  strength  represented  a  lower 
limit  value  to  the  actual  strength  of  the  joints.  The 
thermally  cycled  samples  had  a  mean  strength  of 
27  ±  12  MPa.  The  larger  spread,  ±  12  MPa,  was 
caused  by  the  extremely  high  value  of  45  MPa  in  test 
#4.  The  mean  strength  level  was  likewise  a  lower  limit 
as  failures  occurred  in  the  quartz  substrate  or  in  the 
epoxy;  the  solder  joints  remained  completely  intact.  It 
was  apparent  that  the  thermal  exposure  tests  en¬ 
hanced  the  adhesion  strength  of  the  joints  to  beyond 
the  failure  strength  of  the  quartz  substrate  or  the 
epoxy. 
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Table  6.  Adhesion  Strength  of  the  2.0 
Micron  Thick  Au*Ge  Bonds  After  Thermal 
Shock  and  Thermal  Cycle  Exposures. 
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The  data  from  the  1.0X10  m  thick  bonds  after 
thermal  shock  and  thermal  cycle  exposures  is  pre¬ 
sented  in  Table  7.  No  significant  change  was  observed 
between  the  strength  and  failure  modes  of  the  ther¬ 
mal  shocked  and  the  as-fabricated  bond  strengths.  In 
the  thermal  cycle  tests,  the  premature  failure  of  the 
epoxy  in  test  #1  occurred  well  below  the  mean  value 
of  the  as-fabricated  tests.  Moreover,  the  strength 
values  of  tests  #1  and  #4  were  less  than  those  of  #2 
and  #3,  in  which  the  bond  played  a  role  in  the  failure. 
Therefore,  tests  #1  and  #4  reflected  premature  fail¬ 
ure  of  the  epoxy  and  quartz,  respectively,  and  were 
not  included  with  the  other  data  to  establish  a  lower 
limit  strength  value.  The  mean  strength  from  tests  #2 
and  #3  was  20  MPa.  This  value  was  not  significantly 
different  from  the  as-fabricated  mean  strength.  The 
#2  and  #3  bonds  did  not  remain  entirely  intact 
during  fracture,  though,  as  some  failure  did  proceed 
through  the  quartz  substrate  in  both  cases.  It  was 
apparent  that  the  strengthening  trend  noted  in  the 
2.0X10”*’  m  thick  joints  was  not  reproduced  in  the 
LOXlO®  m  thick  bonds.  One  expects  the  similarity 
of  exposure  conditions  to  also  improve  the  adhesion 
strength  of  the  1.0X10“®  m  thick  samples.  However, 
such  effects  may  have  been  offset  by  a  higher  residual 
stress  level  after  initial  sample  fabrication  and  during 
the  thermal  fluctuations  caused  by  the  more  con¬ 
strained  geometry  of  the  thinner  joint.  The  stress 
levels  resulted  in  a  degradation  of  the  adhesion 
strength  at  the  solder-quartz  interface.  In  conclusion, 
the  1.0X10  ®  m  thick  bonds  retained  sufficient  ad¬ 
hesion  strength  to  satisfy  the  accelerometer’s  perfor¬ 
mance  requirements  both  in  the  as-fabricated  condi¬ 
tion  and  after  thermal  shock  and  cycling  exposures. 


The  decision  was  then  made  to  direct  further 
study  to  the  2.0x10  ®  m  thick  joints  only.  The 
exemplary  performance  of  the  thicker  solder  film  and 
the  possible  degradation  in  the  1.0x10  ®  m  joints 
were  key  to  this  decision. 


Table  7.  Adhesion  Strength  of  the  1.0 
Micron  Thick  Au-Ge  Bonds  After  Thermal 
Shock  and  Thermal  Cycle  Exposures. 
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C.  Adhesion  tests  -  annealed  solder  joints. 

Processing  of  the  QDA  after  assembly  of  the 
tuning  forks  and  the  pacers  required  (1)  the  attach¬ 
ment  of  the  device  to  the  package  frame  using  a 
polyiniide  adhesive  and  (2)  the  installation  of  the 
sapphire  lids  to  the  ceramic  frame  by  means  of  an 
80Au-20Sn  (wt.''(  )  solder  seal.  The  polyimide  attach¬ 
ment  was  performed  in  a  flowing  argon  atmosphere. 
The  Au-Sn  solder  seal  of  the  lids  and  frame  was 
performed  in  vacuum.  To  encompass  the  elevated 
temperatures  reflected  by  both  processes,  the  bond 
samples  were  exp- ^ed  to  the  following  annealing 
cycle:  heating  ramp  of  7°C/min  to  300®C;  hold  for  180 
min;  and  then  furnace  cooling.  The  heat  treatment 
was  performed  in  both  air  and  vacuum.  The  results 
appear  in  Table  8.  The  two  samples  exposed  to  the  air 
anneal  demonstrated  exceptional  increases  of  bond 
strengths  to  40  MPa  in  each  case.  When  the  heat 
treatment  was  performed  in  vacuum,  no  significant 
increase  was  observed;  the  mean  strength  was  16  ±  9 
MPa.  The  large  spread  in  the  data  was  caused  by  the 
low  value  of  3.0  MPa — there  was  no  evidence  in  the 
fracture  surface  to  suggest  disqualification  of  that 
test.  However,  even  without  that  sample,  the  mean 
strength  of  20  MPa  was  well  below  the  air-annealed 
values. 
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Table  8.  Adhesion  Strength  of  2.0  Micron 
Thick  Bonds  Exposed  to  300°C,  180  Min 
Air  and  Vacuum  Annealing  Cycles. 
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These  test  results  provided  further  evidence  of 
the  increased  bond  strength  resulting  from  exposure 
of  the  joints  to  elevated  temperature  in  the  presence 
of  an  air  atmosphere.  A  similar  behavior  was  observed 
in  a  series  of  thin  film  adhesion  tests  of  45  nm  Cr  -  180 
nm  Au  coatings  on  polished,  single-crystal  quartz 
substrates.  In  spite  of  the  presence  of  interdiffusion 
between  the  Au  and  Cr  [8],  the  adhesion  strength  of 
the  film  was  increased  by  annealing  in  air  and,  to  a 
lesser  degree,  in  vacuum.  It  was  hypothesized  that  the 
strength  increase  was  caused  by  an  oxide-oxide  bond¬ 
ing  at  the  metallization-quartz  interface,  particularly 
between  the  Si02  and  the  strong  oxide  former,  Cr.  A 
similar  situation  exists  in  the  Au-Ge  thin  film  solder 
bond  except  that  both  Cr  and  Ge  play  a  role  in  the 
enhancement  of  the  adhesion  strength. 

D.  Multilayer  Au-Ge  film  deposition  logistics  for  the 
accelerometer. 

The  2.0x  10  ®  m  thick  multilayer  Au-Ge  film  was 
deposited  onto  both  sides  of  the  spacer  parts  (Fig.  1). 
The  sequence  of  two  layers  of  Au  (each  658  nm  thick) 
and  a  Ge  layer  (684  nm  thick)  between  the  Au  films 
was  used  in  the  device  assembly.  The  initial  Au  layer 
adhered  very  well  to  the  Au  film  already  on  the 
spacers  as  part  of  the  photolithographic  process.  An 
entire  quartz  wafer  of  20  sets  of  spacers  was  coated  at 
a  time.  The  wafer  was  placed  between  two  1.27x10“'* 
m  thick  beryllium-copper  plates,  which  had  been 
chemically  etched  so  as  to  leave  apertures  O.lXlO""* 
X  1.2xl0^m  through  which  the  Au  and  Ge  passed 
onto  the  spacer.  The  alignment  of  the  wafer,  a  spacer 
mask,  and  the  aperture  mask  was  maintained  by  two 
pins  mounted  in  a  steel  base  plate.  A  second  plate  was 
secured  to  the  top  of  the  assembly  to  prevent  move¬ 


ment  of  the  parts  or  masks,  thereby  allowing  the 
aperture  dimensions  to  be  replicated  by  the  film  on 
the  spacer. 

Assembly  of  the  accelerometers  was  performed 
either  individually  or  as  a  batch  as  a  wafer  in  which  all 
twenty  tuning  forks  from  each  of  two  wafers  were 
bonded  to  20  sets  of  spacers  from  a  third  wafer.  The 
fixturing  used  for  both  processes  was  similar.  The 
stacking  of  tuning  fork  and  spacer  wafers  in  the  batch 
assembly  process  was  performed  on  a  base  plate  that 
maintained  alignment  of  the  parts  to  within  ±5X10 
m  in  all  dimensions.  A  cover  plate  was  placed  on  top 
of  the  quartz  wafers.  The  cover  plate  had  a  small 
spring-loaded  pin  located  over  each  of  the  40  bond 
joints.  When  the  cover  plate  was  fastened  to  the  base 
plate,  a  small  amount  of  pressure  was  applied  to  each 
joint  to  eliminate  gaps  between  the  parts  caused  by  a 
slight  warping  of  the  quartz  wafers. 

The  solder  films  were  reflowed  by  heating  in  a 
vacuum  of  1.3x10“  *  to  13x10“  *  Pa.  The  tempera¬ 
ture  climb  to  the  390°C  reflow  temperature  included 
a  10°C/min  ramp  to  250°C  followed  by  a  60  min  soak 
to  assure  a  uniform  temperature  of  the  fixturing  and 
parts.  The  temperature  was  ramped  from  2.50°C  to 
390°C  at  10°C/min.  The  reflow  time  was  extended 
from  the  15  min  value  used  in  the  study  to  30  min  in 
order  to  compensate  for  the  thermal  mass  of  the 
fixture.  The  parts  were  allowed  to  cool  in  the  furnace 
prior  to  removal.  Each  accelerometer  unit  was  broken 
from  the  wafers,  mounted,  and  sealed  in  the  ceramic 
package. 

E.  Performance  of  the  solder-bonded  accelerometers. 

Tbe  realization  of  tbin,  uniform  solder  bonds  was 
confirmed  by  cross-section  micrographs  of  selected 
units.  Also,  alignment  between  the  two  tuning  forks 
and  the  spacers  was  vastly  improved  over  the  devices 
assembled  with  the  polyimide  adhesive. 

More  important,  the  resonator  performance  of 
the  tuning  forks  in  the  accelerometer  assembly 
showed  significant  improvement. 

A  prime  attribute  of  the  double-ended  tuning 
fork  geometry  was  tbe  temperature  compensation 
offered  by  the  fact  that  the  output  signal  was  a 
difference  in  frequency  between  ♦he  two  individual 
fork  frequencies.  The  difference  frequency  versus 
temperature  plot  of  the  activity  imposed  on  the  z-cut 
is  a  parabola  centered  about  a  “turnover”  temperature 
of  20°C  to  25'’C;  the  frequency  dropped  off  for  higher 
or  lower  temperatures.  Perfectly  matched  parabolas 
from  the  two  tuning  forks  would  cause  the  frequency 
difference,  Af,  between  tbe  tuning  forks  to  be  rela¬ 
tively  independent  of  temperature;  that  is,  dAf/dT 
would  be  approximately  zero. 
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A  principal  effect  of  misalignment  within  the 
sensor  structure  was  a  temperature  shift  of  the  two 
parabolas  relative  to  one  another,  causing  dAf/dT  to 
NOT  equal  zero.  Therefore,  dAf/dT  defined  by  fitting 
a  straight  line  through  the  curve  of  Af  versus  temper¬ 
ature  was  used  as  a  figure-of-merit  to  describe  the 
construction  quality  of  each  accelerometer.  Shown  in 
Fig.  r2a  is  a  histogram  of  the  values  of  dAf/dT  for  a 
set  of  accelerometers  made  with  the  polyimide  adhe¬ 
sive.  The  mean  and  one  standard  deviation  of  the 
distribution  were  15  mHz/C  and  ±  24  mHz/C,  respec¬ 
tively.  In  Fig.  12b  is  a  histogram  of  units  made  with 
the  Au-Oe  solder.  Note  that  the  dAf/dT  axis  has  been 
shortened  with  respect  to  that  in  Fig.  12a.  The  mean 
and  one  standard  of  the  dAf/dT  distribution  was  5.0 
mHz/C  and  ±  12  mHz/C,  respectively.  Clearly,  these 
data  demonstrated  that  use  of  the  Au-Ge  thin  film 
«olHer  bond  improved  device  performance  by  moving 
d  Af/dT  closer  to  tho  ideal  value  of  zero.  Also,  ihe 
variation  in  the  performance  as  indicated  by  the 
sigma  value  was  significantly  reduced  over  the  units 
assembled  with  the  polyimide.  In  conclusion,  the 
attributes  of  the  solder  bond  technique  were  realized 
in  the  performance  of  the  accelerometer  assemblies. 


4.  Conclusions 

1.  Thin  solder  films  of  the  eutectic  alloy,  87.5  Au 
-  12.5  Ge,  were  used  to  join  the  single-crystal 
quartz  tuning  forks  and  spacers  to  construct 
an  accelerometer. 

2.  The  solder  films  were  introduced  onto  the 
optically  polished  quartz  substrate  by  the 
evaporation  of  multiple  layers  of  Au  and  Ge, 
which  together  formed  the  eutectic  composi¬ 
tion.  Total  film  thicknesses  of  0.5X10 
l.OxlO  and  2.0x10  ®  m  were  studied. 

3.  Thermal-physical  analysis  of  the  solder  films 
showed  them  to  behave  exactly  as  the  cast 
solder  foil.  The  iiiterdiffusion  process  did 
cause  a  volume  expansion  relative  to  the 
multilayer  film  or  the  subsequent  solder  film. 

4.  i  iie  l.OXlO  ”  and  2.0X10-”  m  thick  solder 
joints  showed  as-soldered  strengths  of  16  ±3 
and  18  ±3  MPa,  respectively.  The  variability 
of  the  as-deposited  strength  of  the  0.5  X 10  ® 
m  thick  joints,  e.g.,  13  ±10  MPa  and  13  ±8 
MPa,  from  two  separate  test  series  caused  it 
to  be  eliminated  from  further  consideration. 


dAf/dT  mHz/C  dAf/dT  mHz/C 


POLYIMIDE  ADHESIVE  87.5Au- 12.5Ge  SOLDER 

(a)  (b) 

Figure  12.  (a)  Histogram  of  the  values  of  d  Af/dT  from  accelerometers  assembled  with  the  polyimide  adhesive, 
(b)  Histogram  of  values  of  d  Af/dT  from  units  assembled  with  the  2.0  micron  thick  Au-Ge  solder  bond. 
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5.  The  1.0x10  ®  and  2.0x10  ®  m  Au-Ge  films 
were  subjected  to  thermal  shock  and  thermal 
cycle  exposures,  resulting  in  no  significant 
change  to  the  strength  of  the  1.0x10  ®  m 
film  and  a  substantial  increase  to  the  strength 
of  the  2.0x10  ®  m  film.  These  data  resulted 
in  a  preference  for  the  2.0X10“®  m  thick 
films  for  device  fabrication. 

6.  The  strength  improvement  of  the  2.0X10“® 
m  films  was  reproduced  when  samples  were 
subjected  to  an  air-annealing  treatment  which 
simulated  next-step  processing  environments. 

7.  Use  of  the  thin  film  Au-Ge  soldei  on  actual 
devices  met  the  expectations  of  improved 
alignment  between  the  two  tuning  forks,  re¬ 
sulting  in  a  significant  improvement  in  the 
temperature  performance  of  the  sensor. 
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Abstract 

The  quasi-static  method  for  the  analysis  of 
vibration-induced  modulation  in  crystal  filters  is  briefly 
reviewed,  and  a  dynamic  method,  in  which  the  filter  is 
treated  as  a  linear  network  with  time-varying  elements,  is 
introduced.  The  method,  which  allows  determination  of 
both  amplitude  and  phase  modulation  due  to  vibration  Is 
illustrated  by  examples.  It  is  then  applied  to  the  analysis 
of  the  spectrum  clean-up  case,  consisting  of  a  frequency 
source  with  an  output  filter,  both  of  which  are  undergoing 
the  same  acceleration. 


Introduction 

Under  vibration,  a  crystal  filter  modulates  signals 
passing  through  it,  adding  its  own  vibration-induced 
sidebands  to  those  of  the  signals  it  passes.  Both  amplitude 
and  phase  modulation  may  occur.  After  briefly  reviewing 
the  quasi-static  method,  this  paper  presents  a  dynamic 
method  for  analyzing  vibration-induced  modulation  in 
crystal  filters,  in  which  the  filter  is  treated  as  a  time-varying 
linear  network.  The  dynamic  analysis  is  then  applied  to 
the  spectrum  clean-up  case  in  which  a  frequency  source, 
such  as  a  crystal  oscillator,  is  followed  by  an  output  filter. 

It  is  assumed  throughout  that  the  modulation  is 
due  entirely  to  the  vibration-induced  frequency  variation  of 
the  crystal  resonators,  but  the  approach  can  readily  be 
extended  to  include  other  components  where  appropriate. 
Also,  while  the  discussion  is  restricted  to  bandpass  filters, 
the  method  of  analysis  is  also  applicable  to  bandstop 
filters,  and  to  filters  other  than  quartz  ciystal  filters. 

Resonator  G-Sensitivitv 

The  acceleration  sensitivity  of  quartz  crystal 
resonators  and  oscillators  has  recently  been  reviewed  by 
Filler  [1,2].  For  accelerations  which  are  not  too  large,  the 


circular  frequency,  ci>,(a),  of  a  resonator  subjected  to  an 
acceleration,  a,  is 

«,(a)  =  «■>.(! +!'•  a)  .  (1) 

where  T  is  the  acceleration-sensitivity  vector  of  the 
resonator  and  n,  is  its  zero-acceleration  frequency. 

For  sinusoidal  vibration, 

a  =  Acosw,,!  ,  (2) 

©.(t)  =  <■>,  +  A«,coro„t ,  (3) 

where 

A«,  /w,  =  r*  A  .  (4) 

Quasi-Static  Analysis 

Although  a  filter  under  vibration  is  a  time-varying 
linear  system,  at  vibration  frequencies  which  are  sufficiently 
small,  the  vibration-induced  modulation  can  be  estimated 
from  a  quasi-static  analysis  [3).  Consider  first  the  simplest 
situation,  in  which  all  the  resonators  have  identical 
acceleration  sensitivity  vectors,  identically  oriented,  so  that 
their  vibration-induced  frequency  changes  are  equal. 
Clearly,  a  constant  acceleration  produces  a  simple 
translation  in  frequency  of  the  steady-state  filter  response. 
If,  instead  of  a  constant  acceleration  we  have  a  very  low- 
frequency  sinusoidal  vibration,  the  filter  response  can  be 
thought  of  as  oscillating  back  and  forth  along  the 
frequency  axis  at  the  vibration  frequency.  That  is,  the 
filter  center  frequency,  w,,,  varies  according  to  equation 
(3),  with  Wo  replacing  This  is,  of  course,  an 

approximation,  but  it  is  a  good  one,  provided  that  the 
vibration  frequency  is  sufficiently  low.  A  drawback  is  that 
the  method  does  not  provide  an  estimate  of  the  error 
arising  from  the  quasi-static  assumption. 
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The  effect  on  a  sinusoidal  signal  of  frequency  u 
is  then  well-approximated  by  its  first-order  change  in  phase 
and  amplitude, 


A4tv  =  AOo*  (d0/do) 

(5a) 

AV„  =  AOq-  (dG/d<i>)  . 

(5b) 

where  and  V  are  the  phase  and  amplitude  of  the  signal, 
and  0  and  G  are  the  phase  shift  and  gain  of  the  filter. 

For  signals  in  the  passband,  dG/dw  is  usually 
small  enough  to  be  neglected,  so  that  the  principal  effect 
of  vibration  is  phase  modulation  in  accordance  with 
equation  (5a).  Now,  d0/d«  is  just  the  negative  of  the 
group  delay,  Tg(«),  normalized  values  for  which  can  be 
found  in  numerous  references.  Hence,  for  sinusoidal 
vibration  the  peak  deviation  is 

♦  v  =  (^A)«oTg(«J  .  (6) 


A  simple  example  will  illustrate  the  use  of  the 
quasi-static  method.  Consider  a  two-pole  Butterworth 
filter,  with 

in  =  1*  10’ 

4  =  10  MHz 
BWj  =  1  kHz  , 

where  BWj  is  the  ^  dB  bandwidth  of  the  filter.  At  center 
frequency  the  group  delay  is  given  by 


Tg(«J  =  1.414/jtBW,  =  0.45  ms. 

Then  for  a  5  G  peak  acceleration,  the  peak  phase 
deviation  is 

4i ,  =  1-  lO’-  2x  •  10’-  5-  0.45  •  10-’ 

=  1.414  •  10  ''  radians, 

which  corresponds  to  Sf  =  -83  dBc.  At  center  frequency, 
dG/d«  =  0  , 

so  that  only  phase  modulation  is  present.  Note  that  as  a 
result  of  the  quasi-static  assumption,  these  results  arc 
independent  of  the  vibration  frequency  (within  the  limits 
of  that  assumption.) 


The  simplicity  of  the  foregoing  analysis  is  partly  a 
consequence  of  a.ssuming  that  all  the  resonators  have  the 
same  G-sensitivity.  When  this  is  not  the  case,  a  quasi- 
static  analysis  can  still  be  carried  out  using  network 
sensitivities  -  the  effect  on  the  filter  gain  and  phase  shift 
of  small  changes  in  individual  resonator  frequencies  -  but 
considerably  more  computation  will  be  required. 

Because  of  its  simplicity,  the  quasi-static  view  is 
quite  useful  where  valid.  However,  this  is  not  always  the 
case.  A  case  of  particular  importance  is  the  class  of 
spectrum  clean-up  filters,  or  post-filters,  discussed  in  a 
later  section,  in  which  the  vibration  frequencies  may 
exceed  the  filter  half-bandwidth.  Here  the  quasi  static 
method  is  clearly  inadequate. 


Dynamic  Analysis 

To  overcome  the  limitations  of  the  quasi-static 
assumption,  the  filter  must  be  considered  as  a  linear 
network  with  time -varying  elements.  As  for  many  time- 
varying  linear  systems,  the  steady-state  solution  can  be 
obtained,  after  some  preliminaries,  by  essentially 
frequency-domain  methods. 

Consider  a  resonator  whose  equivalent  circuit  is 
given  by  figure  la.  For  present  purposes  figure  la 
represents  the  motional  impedance  of  a  quttrtz  crystal 
resonator  subjected  to  vibration;  however,  it  could  equally- 
well  represent  many  other  types  of  resonator.  If  its 
resonance  frequency  varies  sinusoidally,  as  in  equation  (3), 
small  frequency  variations  can  be  accurately  represented  by 
a  sinusoidal  variation  of  inductance  L(t) 


L(t)  =  Lq  -I-  2L,cosu„t  ,  (7) 

where 

L,  =  (-Ao./wJLp .  (8) 


Substituting  Eq.  (4)  in  Eq.  (8), 

L,  =  (-r-A)Lo.  (9) 


it  is  shown  in  the  Appendix  that  the  effect  of  L,  can  be 
represented  by  a  set  of  equivalent  controlled  voltage 
sources,  one  for  each  sideband.  For  the  small 
perturbations  usually  of  interest  it  is  adequate  to  include 
only  the  first  upper  and  first  lower  sidebands,  as  shown  in 
figure  lb;  however,  the  method  is  general. 
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L<-t)  C 


b) 

V-i  V^i  Lo  C 


I 


Fig.  1.  Equivaleni  circuit  of  a  resonator  whose 
frequency  is  perturbed  due  to  vibration,  a) 
variation  of  resonance  frequency  is  represented 
by  L(t);  b)  small  variations  of  resonance 
frequency  can  be  represented  by  controlled 
voltage  sources. 


To  illustrate,  we  again  consider  the  two-pole 
Butterworth  filter.  Tlie  coupled-resonator  equivalent 
network  of  figure  2,  which  can  represent  several  physical 
realizations,  both  discrete -crystal  and  monolithic,  will  be 
used.  In  series  with  each  motional  arm  arc  two  controlled 
voltage  sources,  one  for  the  lower  sideband  and  one  for 
the  upper  sideband.  As  outlined  in  the  Appendix,  the 
network  is  first  analyzed  at  the  carrier  frequency,  obtaining 
not  only  the  output  voltage,  but  also  the  carrier  frequency 
currents  in  each  resonator,  which  are  needed  to  determine 
the  amplitude  and  phase  of  the  sideband  generators.  Once 
the  controlled-source  parameters  have  been  determined, 
they  can  be  used  either  simultaneously,  or,  since 
superposition  applies,  individually  to  calculate  the  output 
at  each  sideband  frequency.  Finally,  carrier  and  sideband 
phasors  are  added  together  at  the  filter  output  and  then 
demodulated  to  separate  the  amplitude-  and  phase- 
modulation  components. 


^  Vu,  L,  C, 
_f_@_0_onrrv_|(_r 


Vli  Vue  La 


INVERTER 


l_ 


:  vj 
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Fig.  2.  Two-pole  filter  equivalent  circuit. 


The  generality  of  this  procedure  makes  it 
straightforward  to  consider  cases  in  which  the  highest 
vibration  frequency  is  not  restricted  by  the  quasi-static 
assumption.  In  addition,  the  resonators  need  not  have 
identical  G-sensitivities,  and  the  relative  contribution  of 
each  resonator  is  readily  determined.  All  of  these 


situations  are  easily  handled  once  the  analysts  has  been  set 
up. 


Figure  3  plots  the  single  sideband  power  as  a 
function  of  the  vibration  frequency  when  both  resonators 
have  the  same  acceleration  sensitivity.  The  quantities  in 
figures  3,  4,  and  6-9  are  normalized  as  follows:  vibration 
frequency  is  normalized  by  one-half  the  3  dB  bandwidth  of 
the  filter,  BW/2;  single  sideband  power  is  normalized  by 
[P,.(r  •  A-  Wg/BW)’],  where  is  the  carrier  power. 


Fig.  3.  Vibration-induced  sideband  power 
(normalized)  for  a  two-pole  Butterworth  filter 
with  f]  =  fj,  showing  the  relative 
contributions  of  the  two  resonators  when  the 
carrier  is  at  band  center. 


In  figure  3  the  carrier  is  at  band  center;  hence, 
upper  and  lower  sideband  levels  are  equal.  At  low 
frequencies  the  level  corresponds  to  that  given  by  quasi¬ 
static  analysis.  Also  shown  are  the  sideband  levels  due  to 
each  resonator.  As  would  be  expected  from  quasi-static 
theory,  for  low  frequencies  the  two  resonators  contribute 
equally.  However,  for  vibration  frequencies  in  the  filter 
stopband,  the  principal  contributor  is  resonator  2,  since  it 
is  connected  directly  to  the  load,  while  the  sidebands 
generated  by  resonator  1  are  attenuated  by  resonator  2. 
Since  the  Butterworth  transmission  characteristic  is 
symmetric,  and  the  carrier  is  at  the  filter  center  frequency, 
there  is  no  amplitude  modulation  at  although  there  are 
small  AM  components  at  even  multiples  of  therefore, 
the  sideband  levels  plotted  in  figure  3  are  entirely  due  to 
phase-modulation. 

It  can  be  seen  from  figure  3  that  if  the  two 
resonator  G-sensitivity  vectors  are  equal  in  magnitude  and 
oriented  anti-parallel,  then  at  o,  =  0  their  contributions 
exactly  cancel,  as  shown  in  figure  4.  For  high  vibration 
frequencies,  no  cancellation  takes  place,  since  the  output 
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modulation  is  due  almost  entirely  to  resonator  2.  While 
resonators  having  identical  sensitivity  vectors  are  not  easily 
come  by  at  the  present  state  of  the  art,  it  is  nevertheless 
useful  to  understand  the  basic  effects. 


Fig.  4.  Vibration-induced  sideband  power 
(normalized)  for  a  two-pole  Butterworth  filter 
with  Tj  &  r2  parallel  and  anti-parallel. 


When  the  carrier  does  not  lie  at  band  center,  the 
vibration  induces  both  amplitude  and  phase  modulation. 
Figure  5  shows  the  relative  AM  and  PM  levels  as  a 
function  of  airrier  offset  from  band  center,  when  the 
vibration  frequency  is  BWj  /4.  For  small  offsets,  the 
modulation  is  principally  phase  modulation,  while  at  large 
offsets  it  is  principally  amplitude  modulation,  the  cross¬ 
over  occurring  near  -  «„)  =  il.4-  BW/2.  Modulation 
Ls  plotted  in  normalized  form:  phase  modulation  is 
4tp.3k/(r*  A*  tdo  /BW),  where  is  the  peak  phase 
deviation;  the  normalized  amplitude  modulation  is 
A*  t>o/BW),  where  mj,^  is  the  modulation  index. 


Carrier  Offset/'BW/2 

Fig.  .S.  Amplitude  and  phase  modulation  as  a 
function  of  carrier  offset  for  a  two-pole 
Butterworth  filter  with  T,  =  Ti. 


Figure  6  compares  the  vibration-induced  sideband 
levels  for  2-,  4-,  and  6-pole  Butterworth  filters  in  which  all 
resonators  have  the  same  g-sensitivity  and  the  carrier  is  at 
oand  center.  The  coupled-resonator  equivalent  circuit 
model  is  used  in  all  cases.  At  low  vibration  frequencies, 
the  filters  have  the  sideband  levels  predicted  by  the  quasi¬ 
static  model,  while  at  high  vibration  frequencies,  all  three 
filters  have  asymptotically  identical  sideband  levels.  In  this 
region  the  sidebands  are  due  almost  entirely  due  to  the 
resonator  nearest  the  load. 


Fig.  6.  Comparison  of  normalized  vibration- 
induced  sideband  power  for  2-,  4-,  &  6-pole 
Butterworth  filters.  Carrier  is  at  band  center, 
and  all  resonators  have  the  same  f. 


Because  all  resonators  are  assumed  to  have  the 
same  g-sensitivity,  the  results  in  figure  6,  although 
obtained  for  filters  having  the  coupled-resonator  topology, 
apply  for  other  topologies  as  well.  However,  the  relative 
contributions  of  individual  resonators  to  the  filter’s 
vibration  performance  are  of  course  topology-dependent. 

Spectrum  Clean-up  Filters 

Many  frequency  sources,  including  both  oscillators 
and  synthesizers,  use  spectrum  clean-up  filters  to  reduce 
various  spurious  output  components,  and  to  lower  noise 
floors.  Spectrum  clean-up  filters,  or  post-filters,  arc  also 
sometimes  considered  as  a  means  of  reducing  vibration- 
induced  sideband  levels  in  a  frequency  source.  Therefore, 
we  now  consider  a  frequency  source  whose  nominally 
sinusoidal  output  is  frequency-modulated  due  to  vibration 
and  then  passed  through  a  filter  which  is  also  subject  to 
vibration.  (The  two  vibration  environments  will  be 
assumed  to  be  the  same,  although  this  is  not  necessarily 
the  case;  e.g.,  if  either  the  source  or  the  filter  is  protected 
by  vibration  isolators.)  The  filter  in  turn  modulates  both 
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the  carrier  and  the  vibration  sidebands  of  the  source; 
however,  modulation  of  the  latter,  being  a  second-order 
effect,  will  be  neglected.  Hence,  the  vibration  sidebands  of 
the  filter  output  are  essentially  the  vector  sum  of  the 
sidebands  of  the  source,  attenuated  and  phase-shifted  by 
the  filter,  and  the  sidebands  due  to  the  modulation  of  the 
carrier  by  the  filter. 

Since  clean-up  filters  are  ordinarily  as  narrow  as 
possible,  quasi-static  methods  may  not  be  applicable.  This 
was  shown  for  a  single-resonator  (one-pole)  filter  by 
Horton  and  Morley  [4]  who  observed  that  for  sinusoidal 
vibration  at  frequenc7  f,,  equation  (3),  and  a  sinusoidal 
input  at  a  carrier  frequency,  f,,,  the  output  is  a  phase- 
modulated  signal  for  which,  for  small  phase  deviation, 

a(f;)  =  20  iog(r  -  A  -  Ol/ii  +  (20^1, /yY'") .  (lo) 


where  Ql  is  the  loaded  Q  of  the  resonator.  The  dynamic 
analysis  method  confirms  this  result.  Since  the  3  dB 
bandwidth  of  a  one-pole  filter  is 

BW  =  f,/QL,  (11) 


equation  (10)  can  be  written 
S£(y  =  20  1og(r-A-(f,/BW)/(l  -I-  (£,/BW/2)YY  (12) 

From  equations  (10)  and  (12)  it  can  be  seen  that 
the  phase  modulation  exhibits  a  frequency  dependence 
corresponding  to  a  one-pole  filter  gain  characteristic.  For 
vibration  frequencies  within  the  filter  passband,  the 
denominator  in  equation  (12)  is  approximately  1  and  the 
vibration-induced  phase  noise  is  nearly  constant  at  the 
level  predicted  by  quasi-static  analysis.  On  the  other  hand, 
for  vibration  frequencies  far  icmoved  from  the  passband, 
equations  (10)  and  (12)  are  asymptotic  to  the  expression 
[1]  for  the  single-sideband  level  for  a  frequency  source 
having  the  same  acceleration  sensitivity  vector, 

S£(y  =  20  1og(r-A-f,/2y  .  (13) 


Thus,  at  low  vibration  frequencies  the  filter’s 
contribution  to  vibration-induced  phase  noise  is  less  than 
that  of  a  crystal  oscillator  using  the  same  resonator  (or,  in 
general,  any  frequency  source  having  the  same  acceleration 
sensitivity)  while  at  high  vibration  frequencies  the  two 
contributions  are  the  same.  This  is  illustrated  in  figure  7. 
The  curve  b.belled  "filter"  represents  the  phase  modulation 


of  a  sinusoidal  carrier  by  the  filter;  "oscillator."  the  phase 
mtxlulation  present  on  the  unfiltercd  oscillator  output;  and 
"filter  +  oscillator"  the  phase  modulation  at  the  filter 
output,  discussed  below.  The  vibration  frequency  is 
normalized  to  one-half  the  3  dB  bandwidth,  BW,  of  the 
filter;  the  sideband  levels  are  shown  relative  to  the 
unfiltered  oscillator  sideband  level  at  BW/2. 


Vibration  Freq  :BW.  7 

Fig.  7.  Relative  sideband  levels  for  an  o.scillaior 
with  and  without  a  one-pole  post-filter  when  the 
filter  resonator  has  the  same  acceleration 
sensitivity  as  the  oscillator. 


The  curve  labelled  "Filter  -i-  Oscillator"  rtpre.scnts 
the  vector  sum  of  the  sidebands  of  the  .source,  attenuated 
and  phase-shifted  by  the  filter,  and  the  sidebands  added  by 
the  filter.  It  can  be  seen  that  for  identical  gamma  vectors 
identically  oriented,  the  single-pole  filter  does  not  improve 
the  output  phase  modulation,  but  rather  degrades  it  by  as 
much  as  2.5  dB  in  the  vicinity  of  the  passband  edges. 
(However,  if  the  gamma  vectors  of  the  source  and  filter 
were  oriented  anti-parallel  instead  of  parallel,  some- 
improvement  would  occur  in  the  same  region.)  For 
vibration  frequencies  much  greater  than  or  much  less  than 
BW/2,  the  vibration-induced  sideband  level  is  essentially 
unchanged  by  the  filter.  This  means  that  the  filter  may 
still  play  a  useful  role  in  cleaning  up  spurious  responses, 
etc.,  but  in  order  to  reduce  the  vibration-related  sidebands 
the  filter  resonator's  acvcleratior.  seasitivity  rnust  be  less 
than  the  frequency  source’s. 

Figure  8  shows  the  sideband  levels  for  a  source 
with  a  two-pole  Butterworth  post-filter  when  the 
acceleration  sensitivities  of  the  two  filter  resonators  arc  the 
same  in  magnitude  and  orientation  as  that  of  the  oscillator 
and  the  center  frequency  of  the  filter  equals  the  oscillator 
frequency.  It  is  seen  that  the  filter  provides  no  net 
improvement  in  the  vibration-induced  sidebands  and  a 
degradation  of  3  dB  at  the  filter  passband  edge.  If  the 
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filter  crystals  are  oriented  anti-parallel  lo  obtain 
cancellation,  as  for  figure  4,  the  only  benefit  in  thes 
appliaition  is  to  remove  thus  3  dB  "bump”. 


Fig.  8.  Relative  sideband  levels  for  an  oscillator 
with  and  without  a  two-pole  Butterworth  post¬ 
filter  when  the  filter  re.sonator  has  the  same 
acceleration  sensitivity  as  the  oscillator. 


The  net  effect  of  the  filter  is  more  easily  .seen  in 
figure  9,  which  shows  the  vibration  sideband  reduction  for 
the  iwo-pole  Butterworth  as  a  function  of  normalized 
vibration  frequency,  with  the  gamma  ratio,  defined 
4s|rr,u„  3*  a  parameter.  Three  curves 

are  shown.  A  gamma  ratio  of  1  corresponds  to  the  equal- 
gamma  ca.se,  figure  6;  a  ratio  of  0.5,  to  the  case  in  which 
the  acceleration  sensitivity  of  the  filter  crystals  is  one-half 
that  of  the  source;  and  a  ratio  of  0.2  to  the  case  in  which 
the  acceleration  sensitivity  of  the  filter  crystals  Ls  one-fifth 
that  of  the  .source. 


ViDration  Freq.  /  BW/2 


Fig.  9.  Reduction  in  vibration  sideband  levels  for 
a  source  with  a  two-pole  Butterworth  post-filter 
for  three  values  of  the  gamma  ratio  (.see  text.) 


Conclusion 

Acceleration  effects  in  bandpass  crystal  filters  have 
been  analyzed  by  treating  the  filter  as  a  linear,  time-vary  ing 
network,  thereby  overaiming  the  limitations  of  the  quasi- 
static  model.  By  using  controlled-voltage  sources  to 
represent  the  vibration-induced  frequency  variation  of  the 
crystal  resonators,  the  problem  Ls  reduced  to  the  analysis 
of  a  linear  network  with  constant  coefficients.  With  this 
approach,  not  only  can  sideband  levels  be  accurately 
calculated,  but  also,  by  demcxlulating  the  calculated  filter 
output,  amplitude  modulation  and  phase  modulation 
effects  can  be  separately  determined. 

Using  this  method  of  analysis,  the  use  ot 
spectrum  clcan-up  filters  for  improving  the  vibration- 
induced  sideband  level  of  frequency  sources  has  been 
examined  and  found  to  be  of  limited  value. 

While  the  entire  discussion  has  been  in  terms  oi 
sinusoidal  vibration,  because  of  linearity  the  methods  apply 
directly  to  multi-frequency  and  random  vibration.  Further, 
the  method  of  analysis  presented  is  not  limited  to  crystal 
filters,  but  can  be  applied  lo  any  filter  which  can  he 
represented  by  a  lumped-element  equivalent  circuit. 
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Appendix:  Circuit  Representation  and  Analysis 

For  a  linear  network  excited  by  a  sinusoidal 
source  whose  frequency  is  and  having  one  or  more 
elements  which  are  time-varying  at  a  rate  it  is  readily 
apparent  that  the  only  frequencies  present  in  the  steady 
state  are  o>^  and  sidebands  at  intervals  of 

«,  =  o>,  -I-  i-w^  (i  =  ...,-1,0,-t- 1,...).  (14) 

Moreover,  since  the  network  is  linear, 
superposition  applies;  we  can  therefore  consider  the 
variation  of  each  element  separately  and  then  add  up  their 
combined  effects.  In  this  Appendix  we  model  the 
sinu.soidal  variation  of  resonator  frequency  by  a 
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pcrturbutu)n  nf  the  motionul  inductance.  (This  variatuin 
may  he  due  tii  vibration,  as  in  the  present  application,  or 
to  any  other  mechanism.)  We  then  use  Bolle’s  complex 
symbolLsm  [bj  to  obtain  the  voltage -current  relations  lor  a 
sinusoidally  varying  inductor.  In  general,  the  relatioas 
include  summatioas  which  are  doubly  infinite,  but  when 
the  element  variation  is  sinusoidtil  they  conveniently 
simplify  to  a  finite  summation,  ITiis  procedure  yields  an 
equivalent  circuit  in  which  the  time-varying  inductor  ls 
replaced  by  a  fixed  inductor  and  a  voltage  generator  at 
each  significant  sideband  frequency.  While  the  method  is 
quite  general,  we  will  consider  only  the  case  in  which 
sidebands  of  second  and  higher  orders  ctin  be  neglected. 

For  a  resonator  whose  frequency  is  varying 
sinusoidally  at  a  rate  w,,  small  frequency  variatioas  can  be 
accurately  represented  by  .1  sinusoidal  inductance  variation, 
Eiq.  (7).  If  we  call  e,  =  F.yosw,!  the  voltage  across  L.  and 
1.  =  l,cosw  t  the  current  through  L,  at  frequency  u„  then 
from  cqutition  (d)  of  Bolle,  the  voltages  at,  respectively, 
the  first  upper  sideband,  carrier,  and  first  lower  sideband 
frequency  tire 


Using  this  equivalent  circuit  the  complete  network 
can  then  be  analyzed  as  a  linear  network  with  const,ini 
coefficients  using  any  modern  linear  network  an.ilysis 
program.  The  network  is  first  analyzed  at  the  earner 
frequency  with  L  =  Ly,  obtaining  the  current  1„,  which 
allows  us  to  calculate  the  equivalent  generator  volt.igc,  V', 
The  network,  excited  now  by  this  voltage  generator.  i.s 
analyzed  at  the  upper  sideband  frequency,  w.  This  step 
LS  then  repeated  at  the  lower  sideband  frequeiuv 

In  ihis  manner,  the  contribution  of  c.ich  time- 
varying  element  can  be  calculated.  For  analysis  programs 
which  allow  more  than  one  generator,  the  tut.il 
contribution  of  all  the  variable  elements  can  be  determined 
by  a  single  analysts  at  each  sideband  frequency;  othenvise, 
the  effect  of  each  clement  can  be  ctilculaied  separately, 
these  results  being  combined  to  get  the  net  effect.  In  the 
general  ease  in  which  higher  order  sidebands  must  be 
considered,  the  method  still  applies,  wiih  obvious 
modifications;  however,  other  methods  may  he  preferable 
if  there  are  a  large  number  of  sidebands. 


From  the  network  analyses,  phasor 
representatioas  of  the  carrier  ar.d  each  sidebiind  of  intcrcsi 


E, 

=  j<i>[lL]lv  +  L„I[ 

+  L,IJ 

(t.^ia) 

are  tibtained.  Tliese  are  then  added  together  to  consiruci 
the  output  signal,  which  is  demodulated  numerically  to 

E„ 

+  L,1 ,1 

(l.‘^b) 

obtain  the  AM  and  PM  components.  This  can  be  done- 
most  easily  by  shifting  the  airrier  frequency  to  zero.  If  wc 

E, 

~  +  L,,I 

1  +  L,l,|. 

(I.X-) 

call  the  frequency-shifted  signal 

Up  to  this  point,  we  have  made  no  simplifying 
approximations.  In  equations  (l.'Sa)  and  (l.'sc),  for  the 
upper  and  lower  sideband  voltages,  we  now  neglect  terms 
containing  second-order  sideband  currents.  We  also 
neglect  the  terms  containing  first-order  sideband  currents 
in  equation  (l.^b).  These  simplifications  are  justified  for 
most  cases  of  interest.  We  then  obtain 


v(t)  =  V(i)-exp(j«l  -(■  4K1))  .  (17) 

then  the  peak  phase  deviation  is  given  by 

4>P^  ={maxl4>(t))  -  minl4)(i)|}/2  .  (IH) 


E]  =  +  Ljlj,] 

Eo  ~  j<*>oL|>Io 
E  I  =  jw  i[L,I„  -t-  L„I  ij. 


(16a) 

(16b) 

(16c) 


and  the  amplitude-modulation  index  is  given  by 


k  =  {max|V(t)]  -  min(V(t)]}/{max| V(t)) 
+  min[V(t)j}  , 


(Id) 


In  the  first  of  these,  E,,  the  voltage  across  L  at  the  upper 
sidehtind  frequency,  to,,  is  .seen  to  be  just  the  voltage  drop 
acro.ss  L„  due  to  the  upper  sideband  current,  I,,  plus  a 
voltage  V,  =  ju,L,Io-  The  latter  am  be  represented  by  an 
equivalent  controlled  voltage  source  who.se  output  is 
proportional  to  I„.  E.,  am  be  treated  similarly,  so  that  we 
obtain  the  equivalent  circuit  repre.senlation  of  figure  Ib. 


where  the  maximum  and  minimum  are  taken  over  one- 
period  of  the  lowest  vibration  frequency.  If  it  is  known 
that  the  output  is  essentially  only  amplitude-modulated  or 
only  phase-modulated,  then  the  modulation  index  and 
related  quantities  can  be  obtained  directly  from  the 
sideband  levels  relative  to  the  airrier. 
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Abstract 


It  has  recently  been  shown  that  the  in-plane 
acceleration  sensitivity  of  contoured  quartz 
resonators  vanishes  for  a  perfectly  symmetric 
combined  resonator  plus  support  system.  This 
indicates  that  a  biconvex  resonator  will  give 
lower  resultant  in-plane  acceleration  sensitivity 
tha”  a  plano-convex  resonator  because  of  its 
inhv-rent  additional  symmetry.  Since  a  plano¬ 
convex  resonator  is  easier  to  fabricate,  an 
analysis  of  the  degradation  in  the  in-plane 
acceleration  sensitivity  that  arises  from  the 
contour  being  on  one  side  only  is  performed. 

Under  in-plane  acceleration  the  single  contour 
causes  a  state  of  flexure  and  asymmetric  shear  to 
exist  in  the  resonator  plate.  The  flexural  biasing 
deformation  is  determined  by  means  of  our  varia¬ 
tional  approximation  procedure  using  the  varia¬ 
tional  principle  with  all  natural  conditions  for 
anisotropic  static  flexure.  The  very  important 
shearing  stresses  varying  through  the  thickness 
and  accompanying  strains  are  determined  recur¬ 
sively.  The  resulting  biasing  states  are  employed 
in  Che  existing  perturbation  equation  along  with 
the  equivalent  trapped  energy  mode  shapes  of  the 
contoured  resonators  to  calculate  the  degradation 
in  the  in-plane  acceleration  sensitivity  caused  by 
the  loss  of  symmetry  of  the  plano-convex  resonator. 
The  calculation  shows  that  the  in-plane  sensitiv¬ 
ity  of  the  plano-convex  resonator  increases  with 
decreasing  radius  of  curvature  and  that  the  magni¬ 
tude  ranges  over  a  few  parts  in  10^^  per  g. 

1.  Introduction 


When  the  symmetrically  supported  plano-convex 
resonator  is  subject  to  in-plane  acceleration,  the 
fact  that  Che  contour  is  on  one  side  only  causes 
a  state  of  flexure  and  shear  to  exist  in  the  plate 
in  addition  to  extension.  The  very  important 
shearing  stresses  varying  linearly  through  the 
thickness  on  account  of  the  uniform  extension 
through  the  thickness,  which  arises  from  the  shear 
loading  being  applied  on  one  side  only,  are 
determined  recursively  along  with  the  accompanying 
deformation.  The  flexural  biasing  state  arising 
from  the  point  moments  resulting  from  the  single 
contour  is  determined  by  means  of  our  variational 
approximation  procedure^ > 3 .  xhe  resulting  biasing 
deformations  are  employed  in  the  existing  perturba¬ 
tion  equation^  along  with  the  equivalent  trapped 
energy  mode  shaped  of  the  contoured  resonator  to 
calculate  the  increase  in  the  in-plane  accelera¬ 
tion  sensitivity  caused  by  the  single  contour. 

The  calculated  results  show  that  the  In-plane 
sensitivity  increases  with  decreasing  radius  of 
curvature  and  lies  in  the  range  of  a  few  parts 
in  10^2  per  g. 


2.  Perturbation  Equations 


For  purely  elastic  nonlinearities  the  equa¬ 
tion  for  the  perturbation  in  eigenfrequency 

4 

obtained  from  the  perturbation  analysis  men¬ 
tioned  in  the  Introduction  may  be  written  in  the 
form 


A 


H  /2u)  , 

p.  p' 


u,  =  ID  -  4 

p  p  > 


(2.1) 


It  has  recently  been  shown^-  that  the  result¬ 
ant  in-plane  acceleration  sensitivity  of  contoured 
quartz  resonators  vanishes  when  the  resonator  and 
support  system  exhibit  perfect  symmetry  with 
respect  to  each  other.  This  was  shown  analyti¬ 
cally  and  is  a  consequence  of  the  symmetry  of  the 
biasing  state  and  the  mode  shape.  This  implies 
that  a  biconvex  resonator  will  tend  to  have  lower 
resultant  in-plane  sensitivity  than  a  plano¬ 
convex  one  on  account  of  its  inherent  additional 
symmetry.  In  this  work  an  analysis  of  the  increase 
in  the  in-plane  acceleration  sensitivity  resulting 
from  the  contour  being  on  one  side  only  is 
performed . 


where  and  uj  are  the  unperturbed  and  perturbed 
elgenfrequencies,  respectively,  and 

»p=-  (2.2 

V 

where  V  is  the  undeformed  volume  of  the  piezo¬ 
electric  plate.  In  (2.2)  g^  denotes  the  normal- 

V 

ized  mechanical  displacement  vector,  and 

denotes  the  portion  of  the  Piola-Kirchhof f  stress 
tensor  resulting  from  the  biasing  state  in  the 

presence  of  the  g^,  and  is  given  by 
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^  2LYKM“a,K  2LKMa“Y,K  ’ 


^LM  ~  2lJ^N^N’  ~  2  ^”k, N '*"”n, 


The  quantities  T 


and  denote  the  static 


biasing  stress,  strain  and  displacement  field, 


respectively.  The  coefficients  c 


oLvMaKN 


denote  the  second  and  third  order  elastic  con¬ 
stants,  respectively. 

The  normalized  eigensolution  g^  and  f^  Is 
defined  by  ^ 

=  (2.6) 

M.  y. 

where  and  cp^  are  the  mechanical  displacement  and 

electric  potential,  respectively,  which  satisfy 
the  equations  of  linear  piezoelectricity 

-Z  _  , 

■^Ly  2LYMa“a,M  ®MLy'*’,M’ 

=  Wy,M  -  ^LM^,M  ’  (2.7) 

subject  to  the  approoriate  boundary  conditions, 
and  p  is  the  mass  density.  Equations  (2.7)  are 
the  linear  piezoelectric  constitutive  relations 
and  (2.8)  are  the  stress  equations  of  motion  and 
charge  equation  of  electrostatics,  respectively. 

The  upper  cycle  notation  for  many  dynamic  variables 
and  the  capital  Latin  and  lower  case  Greek  index 
notation  is  being  employed  for  consistency  with 
Ref. A  as  is  the  remainder  of  the  notation  in  this 
section. 

The  substitution  of  (2.3)  in  (2.2)  yields 


«P  =  -  J 


c  g^  g^  dV 
LYMa^a,M®Y,L 


Since  g^  denotes  the  normalized  mode  shape  in  the 

contoured  resonator  and  from  (2.4)  c.  depends 

LyMa 

on  the  biasing  state.  H  can  be  evaluated  when  the 
it 

resonator  mode  shape  and  biasing  state  are  known. 

3.  Decomposition  into  Extenslonal  and 
Flexural  Biases 

A  plan  view  and  cross-section  of  the  plate 
with  identical  sidewalls  on  top  and  bottom  are 
shown  in  Fig.l  along  with  the  coordinate  system. 


It  should  be  noted  that  the  sidewalls  run  all 
around  the  periphery.  This  defines  the  geometry 
of  the  support  configuration  considered  in  the 
static  biasing  problem.  The  support  system  is 
symmetric  and  the  mode  shape  is  located  symmetri¬ 
cally  with  respect  to  it.  Since, as  noted  in  the 
Introduction,  the  acceleration  sensitivity  vanishes 
under  these  circumstances,  we  are  interested  in 
determining  the  biasing  state  resulting  from  the 
in-plane  acceleration  due  only  to  the  asymmetric 
portion  of  the  plano-convex  resonator  shown  at  the 
bottom  of  Fig.l.  This  refers  only  to  the  matter 
between  the  spherical  surface  =  h  and  the 

plane  surface  =  h^.  Accordingly,  this  results 

in  the  decomposition  into  flexural  and  extensional 
states,  as  shown  in  Fig.  2,  in  which  the  actual 
loading  applied  to  the  surface  ~  decom¬ 

posed  into  flexural  and  extensional  loadings.  The 
flexural  loading  consists  of  point  moments  per 

unit  area  f(^^  applied  along  the  center-plane 
B 

X2  =  0  of  the  flat  plate  of  thickness  2hj^,  which 

in  accordance  with  the  immediately  preceding 
6 

discussion  are  given  by 
2h-hj 

4'^-  J  X2Pa^dX2=-pa^2h(h-h^),  (3.1) 


where  denotes  the  acceleration  in  the  X^- 

direction.  The  corresponding  extensional  loading 
consists  of  shearing  forces  per  unit  area 

applied  along  the  surface  X2  =  which  in 
accordance  with  the  same  discussion  are  given  by 
2h-h^ 

Sg=-J  pa^  dX^  =  -  2pag(h  -  h^)  ,  (3.2) 


where  to  lowest  order  in  X2  and  X^  the  spherical 
surface  is  given  by 

h  =  h  [1  -  (X,2  +  x2)/4Rh  ].  (3.3) 

o  13  o 

This  applied  shearing  stress  Sg  is  resisted  by 

extension  in  the  plane  of  the  thin  plate.  As 
usual,  this  plane  stress  extension  is  taken  to  be 
uniform  through  the  thickness.  The  directions  of 

Fg^^  and  Sg  are  as  shown  in  Fig. 2  because  the 
accelerations  ag  are  positive. 

Since  the  extensional  portion  of  Fig.  2  shows 
a  shearing  stress  Sg  on  the  top  surface  and  zero 

on  the  bottom  surface,  there  is  a  distribution 
of  shearing  stress  throughout  the  thickness  of 
the  plate,  for  which  we  must  solve.  To  this  end 
we  consider  the  free  body  diagram  shown  in 
Fig. 3,  where  Kg2  denotes  the  shearing  stresses 
on  any  surface  X2  “  constant  in  the  range  +  h^ 
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to -hi,  and  all  stresses  have  been  taken  In  the  posi¬ 
tive  sense.  The  stress  equations  of  equilibrium  in 
the  plane  of  the  plate  may  be  written 


(3.4) 


and  we  note  that  in  the  extension  of  thin  plates 
the  K^g  are  independent  of  X,.  Equation  (3.4) 

permits  us  to  write 
h. 


("aB.A^'^2B.2^  = 


(3.5) 


the  Integration  of  which  yields 


(3.6) 


Since  ’^2B^'^1^  “  lotting 

n 

S„/2h..  (3.7) 


(3.6)  we  obtain 


AB.A 


B  1' 


The  substitution  of  (3.7) 
S„ 


2B 


B 

2h, 


in  (3.6)  yields 

(hi  ^X^), 


(3.8) 


where  we  have  defined  K2g  as  K2g(X2).  Equation  (3.8) 

gives  the  distribution  of  shearing  stress  through 
the  thickness. 


On  account  of  the  stubbiness  of  the  cross- 
section  of  a  sidewall,  we  model  its  resistance  to 

the  normal  slope  of  the  center-plane  of 

the  plate  as  a  simple  variable  shear  strip,  as  in 

earlier  work^,  which  yields 

.  ,  =  ±  k3w  /an,  (3.9) 

(n)(n)  n  ’ 

g 

where  in  this  work  we  have 

k  =  2Mh^t^  ,  (3.10) 


in  which  p,  is  the  appropriate  shear  modulus  depend¬ 
ing  on  the  direction  in  which  the  sidewall  runs,  and 
we  have  ignored  the  deformation  in  the  sidewall  to 
this  approximation  because  h^  «  h.  Furthermore, 

it  is  clear  that  at  the  sidewall  the  vertical 

(0) 


deflection  w. 


vanishes  and  we  have 


=  0  , 


(3.11) 


at  the  sidewall. 

4.  Equations  for  Anisotropic  Static  Flexure 

9-11 

With  the  aid  of  Mindlin's  plate  equations 
it  has  been  shown  that  the  equation  of  anisotropic 


static  flexure  with  X,  normal  to  the  major  surfaces 
can  be  written  in  the  form 


AB.AB  B.B 


‘11’  ■  J 

-h 


and  in  this  Instance  F, 

.(0)  _ 


-  >  -  0, 

(4.1) 

2'^AB  ‘*’'2  ’ 

(4.2) 

^  is  given  in 

(3.1)  and 

B 

From  Eqs.(4.25)  of  Ref.  12  the  consti¬ 
tutive  equations  for  the  stress-resultants  take 
the  form 

-d) 


vd)  =  2  3 

AB  3  ^ABCD  CD 


(4.3) 


where  Voigt’s  anisotropic  plate  elastic  constants 
are  given  by 

Voc  “  ■ ‘^RW'^WV'^VS’  “  1.3.5; 


’RS 


■RS 


(4.4) 


in  the  compressed  notation, and  where  we  have  intro¬ 
duced  the  scheme  shown.  The  plate  strains 
in  (4.3)  are  given  by 

vd) 


CD 


CD 


1  fw(^^  (4.5) 

2  \  C,D  D,C/’  ^  ^ 


and  from  the  relaxation  of  the  stress  resultants 

the  vanishing  of  the  plate  shear  strains  E^^ 
and  (4.5)  we  have  the  respective  relations 

.d)=..-l.  r(l)  „(!),. 

A  2.  A’ 


Wvs^s 


CD 


/o) 

2. CD’ 


(4.6) 


which,  respectively,  are  given  in  Eqs.(4.24), 
(3.34)  and  (3.37)  of  Ref. 12. 

3 

It  has  been  shown  that  the  biasing  shearing 
stresses  that  are  determined  recursively  in  the 
classical  theory  of  the  flexure  of  thin  plates  may 
be  written  in  the  form 


-  3  2  2  fll 

K2b  =  (3/4  h  )(h  -X2) 


(4.7) 


where  the  caret  indicates  that  a  quantity  has  been 
determined  recursively  and,  hence,  contains  an 
order  of  smallness.  The  associated  three- 
dimensional  strain  fields  are  obtained  simply  by 
Inverting  the  linear  constitutive  equations 


LM 


(4.8) 


with  the  result 

“  ‘^KL2B^2B  °  o^l'^’^2  2^L  ' 
since  all  stresses  that  vary  symmetrically  with 
vanish  except  K2b>  ^nd  ^nd  2^l  clear 
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from  (4.7)  and  (4.9).  Similarly,  the  three- 
dimensional  strain^field  associated  with  the 
shearing  stresses  K  that  accompany  any  extension 

and  are  given  in  (3.8)  are  found  by  inverting  the 
constitutive  equations  with  the  result 


-1 

■  ^KL2b'^2B 


^2  l^L  .  (4.10) 


Since  from  Eqs.(3.31)  of  Ref. 5  we  have  =■  0, 

^  (0) 

when  the  plate  deflection  w^  has  been  found,  we 

know  the  three-dimensional  strain  field  from  the 
relation 

(4.11) 

Although  we  now  have  the  plate  strains  from 

(4.10).  we  cannot  yet  determine  the  c,  from 
’  LyMo 

(2.4)  because,  as  noted  in  Ref. 5,  we  need  the 
displacement  gradients  w^^  or  equivalently  the 
rotations  ,  ’ 

=  2  (”l.K  - 


~  W  ) 


As  in  Ref. 5,  we  realize  that  the  associated  plate 
rotations  that  accompany  the  plate  strains  that 
arise  from  the  relaxation  of  the  plate  stress 

resultants  and  the  recursive  inversion  in 

(4.9)  and  (4.10)  satisfy  the  appropriate  three- 
dimensional  rotation  gradient-strain  gradient 
relations,  i.e., 


*\l,M  ’  ^,K  '  ^K,L 


(4.13) 


The  substitution  of  (4.15)  and  (4.16)  in  (4.14) 
yields  ,  which  with  (4.11)  and 


”k,l  "  ‘Ik’ 


(4.17) 


gives  us  the  desired  three-dimensional  displace¬ 
ment  gradients  when  the  plate  deflection  has 

been  found. 

5.  Flexural  Biasing  Deformation 

The  flexural  biasing  problem  due  to  an  in¬ 
plane  acceleration  of  a  plano-convex  resonator 
has  been  defined  in  Section  3  with  the  aid  of 
Flgs.l  and  2.  The  substitution  of  (3.1)  with 
(3.3)  into  (4.1)  yields 

I  ’’'v,3cd“S%aB  -  i  -  ‘’l  -  ^)  =  °> 

|X^|  <C,  IX3I  <C,  (5.0 

3  ''"'^abcd"2°Jdab  =  °>  '"'ll 

where  for  computational  convenience  we  have  taken 
the  liberty  of  replacing  the  circle  of  the  inter¬ 
section  of  the  spherical  contour  with  the  flat 
plate  by  the  circumscribed  square.  From  Eqs.(3.11) 
and  (3.9)  with  (3.10)  we  have  the  edge  conditions 

w^*^^  =  0  at  X3  =  ±  a  IX3I  s;  b, 
w^°>  =  0  at  X3  =  ±  b,  IX3I  <  a, 


k^w^  3  at  X3  =  ±  a,  IX3I  s  b. 


(4.14) 


and  the  are  the  plate  rotations  of  nth  order. 

As  in  the  end  of  Sec. Ill  of  Ref. 5  [after  Eq.(3.32)] 
from  the  flexural  solution  without  recursive 
strai'  we  obtain 


K^3'  =  ±  kjW^"^  at  Xj  =  ±  b,  Ix^l  a,  (5.3) 

where 

kj^  =  2h3U3tj,  k^  =  (5.4) 

and  and  are  the  appropriate  shear  moduli  for 
the  cut  of  quartz  of  interest. 


^33'’  =  arbitrary  constant  =  0, 
13  ’  2A  2. A  • 


(4.15) 


Including  recursive  strains  for  n=l  and  2  and 
equating  like  powers  of  X,  in  the  same  way  we 
1  ^ 

obtain 


= 

=  E  + 

E 

E 

E 

13 

0^23,1  0 

23,1 

0  21,3 

0  21,3' 

^(2) 
“l3  ' 

■  2  ^‘^23,1 

■e(^> 

21,3 

+  E 

1  23,1 

■  1^21,3^’ 

E^^^+  E 

-  E 

-  E _ 

2A 

2A  1  2A 

0  22, 

,A  0  22, 

,A’ 

= 

=  E  -i 

e(^>  - 

■i  E 

2  A 

2  2A  2 

22, A 

2  1  22, 

,A'  (4. 

We  now  transform  the  inhomogeneity  from  the 
differential  equation  (5.1)  into  the  edge  condi¬ 
tions  (5.3).  To  this  end  we  first  let 


which  is  then  expanded  in  a  complex  Fourier  series 
thus 


II  "t 


n,m  =  0,  il,  ±2  ...  ,  (5.6) 

where  a  =  nir/a  and  B  =  mTr/b.  From  the  period- 
n  m 

icity  of  the  functions,  we  obtain 
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where 


C  =  ~r 
run  ab 


^  1  1  ' 


-ior  X,  -18  X 
•  "  'e  ^  dXjdX3 


(5.7) 


where  the  expressions  for  the  C  are  too  lengthy 

g  ( 0 ) 

to  present  here  .  We  now  write  w^  in  the  font 


.(0) 


w,  +  w 


where 


”;-n 


la  X,  le  X. 
.  n  1  m3 

A  e  e 
nm 


(5.8) 


(5.9) 


The  substitution  of  (5.7)  with  (5.8)  Into  (5.1) 
[Eqs.(5.1)  and  (5.2)  become  Identical  when  (5.6) 
is  substituted  into  (5.1)  and  (5.2)]  yields 

A  =  (3p/8h^R)C  /[y  a'^ +Y  8^  +  (2y,.,  + 

nm  1  nm'lln33m  13 

^ABCd”2,CDAB  ’  °  •  (5.11) 

The  further  substitution  of  (5.8)  with  (5.9)  into 


(5.3)  yields 

«2  =  ■  "2  “  ■  I 

m 

G  e  ^  ^  at 
m 

ia  X, 
n  1 

V 

X^  =  ±  a 

"2  “  *  ®o  ■  I 

X3  =  ±  b, 

n 

^  -r  1.  r,  _  ' 

'T  , 

■n 

ii,,  T  k^w.,  -  b"*" 

33  3  2,3  o 


la  X, 


■1 

n  (5.12) 


,-r 


where  the  constants  B  and  B  arise  from  the  w_ 
o  o  g  2 

solution  and  are  too  lengthy  to  present  here  ,  as 

are  the  coefficients  G  .  B  ,  and  B^. 

m’  n  m  n 

As  a  solution  of  (5.11)  with  (5.12),  we  write 


“  -  P  j.  S  a.  " 
”2  -  “2  ■""2  ■""2 


(5.13) 


in  which  all  terms  separately  satisfy  the  homo- 

P 

geneous  differential  equation  (5.11),  w  satisfies 

S  ^ 

the  constant  terms  and  w^  the  series  terms  in  the 
edge  conditions  at  X^  =  ±  b.  The  expression  for 

p 

w^  takes  the  form 


w^  =  -  B^  +  -^  (X3  -  b^)(C5b^  -  C2X3),  (5.14) 

b 


,  (B  >  B  )b 
1  00 


.  (b'*'  +  b') 

J  00 


^  ‘*2hjv33+bk3  5  2hjv33+3bk3 


We  take  w^  in  the  form 


(5.15) 


S_r  '‘^Vl'^^n^3^ 

W2  '  ^n^  »  ^ 

n 

the  substitution  of  which,  in  (5.11)  along  with  the 
relation  C  -  xa  yields 

4  3  2 

+  4y^^h  +  (^13 


+  4v33H-fV33  =0 


(5.17) 


which  is  independent  of  n.  Kquation  (5.17)  yields 

four  independent  roots  (r*  1,2, 3, 4)  inde¬ 
pendent  of  n.  Hence,  the  sura  in  (5.16)  can  be 
written  in  the  form 


'^2  L  L  \  ^ 

n  r»l 


(5.18) 


For  each  n  the  satisfaction  of  each  exponential 
term  In  (5.12)^  ^  enables  the  determination  of  the 

in  terms  of  the  known  inhomogenelties^. 

In  order  to  satisfy  the  remaining  inhomogen¬ 
eous  edge  conditions  varlatlonally  we  substitute 
(5.13)  into  (5.8)  and  write 


=  Wj  +  w^  +  w®  +  w,  , 


(5.19) 

as  the  approximate  solution  function.  We  now  take 

'(Vl+V3> 


w^  In  the  form 


"2  =  I  °m 


(5.20) 


where  v  =  mn/Zaa  and  a  is  chosen  to  be  an  irra- 
m 

tional  number  (here  ’t)  in  order  that  neither 

cos  V  a  or  sin  v  a  vanish.  Let  T.  =  \v  and 
mm  mm 

substitute  from  (5.13)  with  (5.20)  into  (5.11)  to 
.  13 
obtain 

^33^'^  +  ^Y35\^  +  (?Y^3  +  ^Y55)\^ 


+  4y33\  ^  ^11  =  °  - 


(5.21) 


which  is  independent  of  m.  Equation  (5.21)  yields 

four  independent  roots  X^l’^(p  =  1, 2,  3,4)  independent 
of  m.  Hence,  the  sum  in  (5.20)  can  be  written  in 
the  form 


4 

r’ 


Y-n »: 

m  p=l 


iv  X,  iT^'’^X3 


(p)  m"l 
e  e 


(5.22) 


293 


where  the  D'*^  are  amplitude  coefficients  still  to 
m 

be  determined.  By  satisfying  the.Jioraoggneou3  edge 
conditions  w^  “  0  at  =  -  b  and  3“®^^ 


Xj  =  i  b  for  each  ra,  we  obtain 


d(P>  .  g(P>D('\ 
m  mm’ 


(5.23) 


where  the 


ore  obtained  from  the  resulting 


linear  algebra  .  This  reduces  the  number  of 
unknown  coefficients  from  4  to  1  for  each  m.  The 
substitution  of  (5.23)  in  (5.22)  enables  us  to 
write 

,(i>  ‘Vi  " 


"-.-I”"’*  I 


as  the  approximate  solution  function. 


,  (5.24) 


Since  the  solution  function  (5.24)  with 
(5.19),  (5.9),  (5.14)  and  (5.18)  satisfies  the 
differential  equations  (5.1)  and  (5.2)  and  the 

edge  conditions  are  on  ,  and  w^  \  all  that 

(n)(n)  2 

remains  of  the  variational  principle  given  in 
Eq.(44)  of  Ref. 2,  in  which  all  conditions  appear 
as  natural  conditions,  is 


(n)(n)  (n)  2,n  an 


(5.25) 


(5.26) 


and  Np  and  denote  unit  vectors,  respectively, 

outwardly  directed  normal  and  tangential  to  C  in 
the  counterclockwise  direction,  as  shown  in  Fig. 2 
of  Ref.  2.  The  bars  over  quantities  in  (5.25) 
denote  that  they  are  prescribed.  The  variation 
6Mj^S  g  readily  be  evaluated  from  (5.26)  and 

w^*^^  =  0  on  C^.  Substituting  from  (5.19)  with 

(5.9),  (5.14),  (5.18),  (5.24)  and  the  homogeneous 
edge  conditions  mentioned  above,  which  have  been 
satisfied  exactly  by  each  term  in  the  solution 
sum  in  (5.24),  into  (5.25)  and  employing  (5.26), 
we  obtain 

b  |X,=a  b 


(K^^^  T  k  w^®^) fiw 
(K-l  +‘‘i"2.1’’*^2.1 


where  the  notation 


means  the  quantity 


evaluated  at  a  minus  the  quantity  evaluated  at  -a 
and  the  6K  _  are  obtained  from  (4.3)  and  (4.6) 

-(0)  (0)  ^ 

with  w^  instead  of  W2  since  the  variation  of 

prescribed  quantities  vanishes.  Substituting  from 
(5.19)  with  (5.9),  (5.14),  (5.18)  and  (5.24)  into 
(5.27  and  performing  the  integrations,  we  obtain 

y  y  a  +  y 

Lt  mn  m  n  4.inn  ’ 

n=-N  m=-N  n»-N 


n»-N 

m.n=±l.  ±2.  .. 


(5.28) 


The  expressions  for  a  and  b  are  too  lengthy  to 
present  here  .  Since  the  variations  5D^  are 
arbitrary,  we  obtain 
N 


=-b 


(5.29) 


which  constitute  2N  Inhomogeneous  linear  algebraic 
equations  in  the  2N  unknowns  bhe  inversion  of 

which  gives  the  approximate  solution. 

6.  The  Equivalent  Trapped  Energy  Mode  Shape 

A  schematic  diagram  of  the  plano-convex 
resonator  along  with  the  associated  coordinate 
system  is  shown  at  the  bottom  of  Fig.l.  It  has  been 
shown  that  the  eigensolutlon  for  the  dominant 
displacement  of  the  harmonic  modes  in  a  contoured 

14 

quartz  resonator  can  be  written  in  the  form 


u,  =  sin 
In 


Zh  noo 


iiu  t 

noo  ,  ,  , 

e  ,  n=  1,3,5, 


-o_(X,^/2)-8_(X^/2) 


in  which 


u  -  e 
noo 


o  2  2.(1) 

2  n  TT  c  ^ 

or  =  - = - 

"  8RhV 

o  n 


n2 

n  TT  c 

8RhV 


and  and  are  involved  lengthy  expressions  that 

are  defined  in  Sec.  11  of  Ref. 14  along  with  X^  and 

Xj,  which  are  orthogonal  directions  in  the  plane 

of  the  plate  for  which  the  scalar  differential 
equations  for  the  nth  anharmonic  family  of  modes 
does  not  contain  mixed  derivatives  and  R  denotes 
the  radius  of  the  spherical  contour.  From  Eq.(97) 
of  Ref.  14  in  this  work  we  have 


2Kj  ^)dX^ 


(5.27) 


where,  from  Eq.(98)^  of  Ref.  14 
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where 


.V 

cos  0 

“  sin 

Sn 

s  in  0 

n 

cos 

and  @  is  defined  in  Eq.(98)2  of  Ref. ’4.  Ihe  eigen- 

frequencies  corresponding  to  the  eig.:nsolution  for 
the  harmonic  modes  are  given  by 


2 

noo 


2  2-(l)  r-  ,  .2h  .1/2 

"  r  1  +  -  f— ) 

,.2  L  nTT  \  R  / 

4h  n 
o^ 


where  c 


(1) 


is  defined  in  Eq.(78)  of  Ref. 14. 


(6.6) 


In  addition  to  the  thickness  eigendisplace- 

ment  u,  given  in  (6.1)  there  are  thickness 
in 

eigendisplaceraents  U2^  and  u^^,  which  are  an  order 

of  magnitude  smaller  than  u^^^  but  are  required  in 

this  work  because  as  shown  in  earlier  work  the 
important  biasing  shearing  deformation  is  an  order 
of  magnitude  smaller  than  the  biasing  flexural 
deformation.  However,  since  the  U2  and  u^ 

displacement  components  accompanying  the  larger  Uj 

component  are  known  only  for  the  flat  plate,  we 
fit  the  Gaussian  mode  shape  given  in  (6.1)  and 
(6.2)  for  the  contoured  resonator  to  a  trapped 
energy  mode  in  a  flat  plate  in  accordance  with 

—  —  ''SR 

Sec.V  of  Ref.  3,  wherein  the  wavenumbers  §,  v,  § 

-TM 

and  V  are  obtained  from  quantities  contained 
in  the  Gaussian  mode  shape.  As  shown  in  Sec.V  of 
Ref.  3,  when  this  has  been  done  it  is  found  from 
Eqs.(65)  of  Ref. 14  that  to  the  order  of  interest 
SR 

the  u  displacement  field  for  the  SR  region  may 
-^n 


be  written 


SR  ,(1)SR/ 

"l  =  ( 


.  .SR 

^  _(1)  2/ 

c 


SR  f 
“2  = 


A  Cp  A  A  A 

nTTX2  -?  (Xj-a^)  ivX^ 

sin  2},  '  ®  ®  » 

(^^2^  '  ^4*'^^  *(1)SR  SI! 


nn/2h 


cos  ^  X2 


A  CQ  A  A 

r2)SR  nn  N  ^^3 

+  1C^  cos  ’*2  ^  ^2/  ®  ^ 


SR  / 

U3  =  (- 


'  *^3^^^  .(DSR  nn 


nn/  2h 


cos  ^  X2 


+  iEf>S«cos 


"^3  2h 


(6.7) 


5^**“  -  Rjjiv,  iv»  Rjjiv- (6.8) 

and  frcm  Eqs.(72)  of  Ref. 14,  we  know  and 

E^  in  terms  of  and  as  in  Ref.l  we  do 

not  write  the  relations  for  the  corresponding  dis¬ 
placement  fields  of  the  other  regions.  We  note 
(1  )SR 

that  A^  here  corresponds  to  in  Sec.V  of 
Ref. 5. 

7.  Calculated  Results 

From  Sec. 6  we  now  know  g^  and  from  Secs. 4 

and  5  we  know  c,.„  for  in-plane  acceleration  of  a 
LVMo  ^ 

plano-convex  resonator  resulting  from  the  asymmetry 
caused  by  the  contour  being  on  one  side  only. 

Hence,  we  can  now  evaluate  H  in  Eq.(2.9).  Such 

calculations  have  been  performed  using  the  known 

15  16 

values  of  the  second  order  and  third  order 
elastic  constants  of  quartz.  The  calculated 
components  of  the  in-plane  acceleration  sensi¬ 
tivity  resulting  from  the  thickness  asymmetry  of  a 
plano-convex  resonator  for  an  SC-cut  square  plate 
are  plotted  in  Fig. 4  as  a  function  of  the  radius 
of  the  contour  for  the  first  three  harmonics.  It 
can  be  seen  from  the  figure  that  the  ir- plant- 
acceleration  sensitivity  increases  with 
decreasing  radius  of  curvature.  Since  the  practical 
range  of  R  is  between  15  and  20  cm,  the  increase  iu 
the  in-plane  acceleration  sensitivity  of  a  plano¬ 
convex  resonator  over  that  of  an  equivalent 
symmetric  biconvex  resonator  is  about  a  few  parts 
12 

in  10  per  g.  Figure  5  shows  similar  calculations 
for  a  rectangular  SC-cut  plate  with  the  practical 
aspect  ratio  a/b  =  2  at  the  practical  orientation 

of  the  rectangle^^  i.e.,  0  - -50° .  The  results 
are  not  substantially  different  from  those  shown 
in  Fig. 3. 
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?:igure  1  Plan  View  and  Cross-Section  of  Plano- 
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Figure  2  Decomposition  Into  Flexural  and  Exten- 
sional  Biasing  States 


Figure  3  Free  Body  Diagram  for  Evaluation 
of  Shearing  Stresses  Accompanying 
Extension 
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Figure  5  In-Plane  Acceleration  Sensitivity 
Resulting  from  Thickness  Asymmetry 
of  a  Plano-Convex  Resonator  Versus 
Radius  of  Contour  for  Rectangular 
SC-Cut  Plate 


Figure  4  In-Plane  Acceleration  Sensitivity 

Resulting  from  Thickness  Asymmetry  of 
a  Plano-Convex  Resonator  Versus 
Radius  of  Contour  for  SC-Cut  Square 
Plate 
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Abstract 

Recent  work  has  shown  Chat  both  the  normal 
and  resultant  in-plane  acceleration  sensitivities 
of  contoured  quartz  resonators  vanish  for  a 
perfectly  symmetric  resonator  and  support  system. 
It  has  also  been  shown  that  any  loss  of  symmetry 
in  the  combined  resonator  plus  support  configura¬ 
tion  results  in  a  significant  degradation  in  Che 
acceleration  sensitivity.  Since  it  is  essentially 
impossible  to  construct  a  perfectly  symmetric 
resonator  plus  support  configuration  in  practice, 
a  stiffened  structure  is  considered,  which  reduces 
the  biasing  deformation  in  the  active  region  and 
provides  isolation  from  the  unavoidable  variations 
in  the  details  of  the  mounting  devices.  The 
structure  consists  of  Che  active  biconvex  quartz 
resonator  attached  to  identical  cop  and  bottom 
quartz  cover  places  by  means  of  small  sidewalls 
around  the  periphery.  The  mounting  clips  are 
attached  to  the  top  and  bottom  cover  plates  with¬ 
out  touching  Che  active  plate.  An  analysis  of  the 
normal  acceleration  sensitivity  of  this  configura¬ 
tion  is  performed.  The  variational  principle  for 
anisotropic  static  flexure  in  which  all  conditions 
arise  as  natural  conditions  is  extended  to  include 
the  influence  of  the  cover  plates,  the  active 
region  and  the  clips.  The  biasing  state  is 
determined  by  means  of  our  variational  approxima¬ 
tion  procedure  using  the  extended  form  of  the 
variational  principle.  The  calculated  flexural 
biasing  states  are  employed  in  the  existing 
perturbation  equation  along  with  the  mode  shapes 
of  the  contoured  resonator  to  calculate  the  normal 
acceleration  sensitivities.  Results  are  presented 
for  a  misposicioning  of  either  a  clip  or  the  mode 
shape  for  a  range  of  thickness  of  cover  plates 
relative  to  the  active  plate. 

1 .  Introduction 

It  has  recently  been  shownU2  that  the 
resultant  acceleration  sensitivity  of  contoured 
quartz  resonators  vanishes  when  the  resonator 
and  support  system  are  perfectly  symmetric 
with  respect  to  each  other.  This  was  shown 
analytically  and  is  a  consequence  of  the  symmetry 
of  the  biasing  state  and  the  mode  shape.  It  was 
further  shownU3  chat  for  a  small  loss  of  symmetry 
in  the  combined  resonator  plus  support  system  the 
acceleration  sensitivity  increases  linearly  with 
the  loss.  Since  it  is  impossible  to  construct  a 


perfectly  symmetric  configuration  in  practice,  it 
is  desirable  to  have  a  support  configuration  in 
which  the  linear  increase  in  sensitivity  with  loss 
of  symmetry  is  as  low  as  possible.  Consequently, 
in  this  work  a sti f fened  structure  is  considered  in 

which  the  active  biconvex  quartz  resonator  is 
sandwiched  between  identical  top  and  bottom 
quartz  cover  plates  to  which  it  is  attached  bv 
means  of  small  sidewalls  around  the  periphery. 

The  mounting  clips  are  attached  to  the  cover 
plates  without  touching  Che  active  plate. 

In  order  Co  perform  the  analysis  for  the 
biasing  state  for  this  stiffened  structure,  the 
variational  principle  for  anisotropic  static 
flexure  in  which  all  conditions  arise  as  natural 
conditions^  is  extended  to  include  the  influence 
of  the  cover  plates  and  the  clips.  The  biasing 
deformation  fields  are  calculated  by  means  of  a 
variational  approximation  procedure*’ ^  using  the 
extended  form  of  Che  variational  principle.  The 
calculated  biasing  states  are  employed  in  an 
existing  perturbation  equation^  along  with  the 
equivalent  trapped  energy  mode  shapes^  for  the 
contoured  resonator  to  calculate  the  normal 
acceleration  sensitivities  arising  from  a  loss  of 
symmetry.  The  calculations  reveal  that  increasing 
the  thickness  of  the  cover  plates  relative  to  the 
active  plate  reduces  the  normal  acceleration 
sensitivity  arising  from  either  a  misplacement  of 
a  clip  or  a  misposicioning  of  the  center  of  Che 
mode  shape.  The  influence  of  symmetric  holes  in 
the  cover  plates  is  included  in  the  calculations. 
Results  are  presented  for  a  range  of  thickness 
of  cover  plates  relative  to  the  active  plate  and 
hole  size. 

2.  Preliminary  Considerations 

For  purely  elastic  nonlinearities  the  equa¬ 
tion  for  the  perturbation  in  eigenfrequency^  may 
be  written  in  the  form  given  in  Eq.(2.1)  of  the 
previous  paper  (Ref.8),  which  we  reproduce  here 
for  completeness 

i=H/2uu  uj=ou-i  f211 

where  u)^  and  Ui  are  the  unperturbed  and  perturbed 

eigenfrequencies,  respectively.  It  has  further 
been  shown  that  H  may  be  written  in  the  form 
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given  in  Eq.  (2.9)  of  Ref. 8,  which  we  also  repro¬ 
duce  here  for  completeness 


■RL.M  '  SfL.K  ' 


«  =  ■  J 

u  J 


c  g^  dV 


=  V  v"  (") 

•Vl  L  2  *1cL  ’ 


where  c,  is  defined  in  Eq.(2.4)  of  Ref. 8  and 
L-yMo 

all  other  quantities  are  defined  in  Sec. 2  of 

Ref. 8.  Since  g^  denotes  the  normalized  mode 
or 

shape  in  the  contoured  resonator  and  from  Eq. (2.4) 

of  Ref. 8  c,  depends  on  the  biasing  state,  H 
LyMo  U 

can  be  calculated  when  the  mode  shape  in  the 
resonator  and  biasing  state  are  known. 


and  the  are  the  plate  rotations  of  nth  order. 

As  in  the  end  of  Sec. Ill  of  Ref.  7  [after  Eq.(3.32) 
from  the  flexural  solution  without  recursive 
strains  we  obtain 

=  arbitrary  constant  =  0, 


The  equation  of  anisotropic  static  flexure 
with  Xj  normal  to  the  major  surfaces  can  be 
written  in  the  form  given  in  Eq.(4.1)  of  Ref. 8, 
which  we  reproduce  here  for  completeness 


„(1)  ,  p(l) 

AB.AB  B.B 


where  we  have  introduced  the  convention  that  A,  B, 
C,  D  take  the  values  1  and  3  and  skip  2  and 
h 

=_I='2''aB<'"2’ 

=h[K2B(h)  +K2B(-h)],  (2,4) 

and  in  this  work 

F<°^=K22(h)  -K22(-h)-  2hpa2  ’ -2hpa2, 

(2.5) 

since  K2j^  vanishes  on  the  major  surfaces  and 
where  a2  is  the  acceleration  in  the  X2-direction. 

Equations  (4.3)  -  (4,9)  of  Ref. 8  apply  here  without 
change  and  for  brevity  we  do  not  bother  to  repro¬ 
duce  them  here.  However,  Eq.(4,10)  of  Ref. 8  does 
not  exist  in  this  work  because  we  are  considering 
normal  accelerations  only  here.  As  a  consequence, 
Eqs.(4.11)  and  (4.16)  of  Ref. 8  change  their  form 
in  this  work.  Hence,  although  Eqs.(4.12)  -  (4.15) 
of  Ref. 8  remain  the  same,  we  repeat  some  here  for 
completeness  and  because  some  of  the  in-between 
wording  is  changed.  To  this  end  we  first  note 
that  since  from  Eqs.(3.31)  of  Ref.  7  we  have 

Ej^^^  =  0,  when  the  plate  deflection  ”2^^  has  been 

found,  we  know  the  three-dimensional  strain  field 
from  the  relation 

2^-  (2.6) 

Since,  as  in  Ref. 8,  we  also  need  the  three- 
dimensional  rotations  given  in  (4. 12)  of  Ref  .8, 
we  note  that  the  associated  plate  rotations  that 
accompany  the  plate  strains  that  arise  from  the 
relaxation  of  the  plate  stress  resultants  and 

the  recursive  inversion  in  (4.9)  of  Ref .8  satisfy 
the  appropriate  three-dimensional  rotation  gradient- 
strain  gradient  relations,  i.e., 


Including  recursive  strains  for  n  =  1  and  2  and 
equating  like  powers  of  X_  in  the  same  way  we 
5 

obtain 


?,(!)_  i  i  ,.(2) 

13  'o  23.1  o  21.3’  “13 


2  '^  23.1  21.3^’ 


‘4r  =  ^5i^-o^22,A’  ('^^*2"^2A  -  I  (2. 10) 

The  substitution  of  (2.9)  and  (2.10)  in  (2.8) 
yields  which  with  (2.6)  and 


"k.l  “  ‘Ik 


(2.11) 


gives  us  the  desired  three-dimensional  displace¬ 
ment  gradients  when  the  plate  deflection  “2*^^  has 
been  found, 

3.  Unconstrained  Variational  Principle  for 
Static-Flexure  of  Box  Structure 

In  this  section  we  present  the  unconstrained 
variational  principle  for  static  flexure  of  the 
box  structure,  a  plan  view  and  cross-section  of 
which  is  shown  in  Fig.l.  This  principle  is 
required  for  the  determination  of  the  flexural 
biasing  state  for  the  configuration  shown  in 
Fig.l  using  the  approximation  procedure  we  employ. 
Before  proceeding  with  the  variational  principle 
it  is  advisable  to  discuss  the  configuration  in 
some  detail.  As  already  noted,  the  structure 
consists  of  the  active  biconvex  quartz  resonator, 
which  is  attached  to  identical  top  and  bottom 
quartz  cover  plates  by  means  of  small  sidewalls 
around  the  periphery.  The  cover  plates  have 
identical  holes  in  them  in  order  to  provide 
access  to  the  active  resonator.  The  holes  are 
identical  as  are  the  cover  plates  in  order  to 
achieve  the  desired  symmetry.  The  mounting  clips 
are  attached  to  the  cover  plates  without  touching 
the  active  plate. 

For  the  purpose  of  obtaining  the  variational 
principle  we  do  not  consider  the  rectangle  shown 
in  the  plan  view  of  Fig.l,  but  rather  the  asym¬ 
metric  plan  view  shown  in  Fig.  2,  in  which  the 
outside  edge  of  the  cover  plates  consists  of  two 

smooth  curves  with  outward  unit  normal  N. ,  which 

A' 


intersect  at 


oS 


and  C-. 
o  2 


In  addition,  the  cover 


plates  have  an  inner  edge  of  an  opening  consisting 

two  smooth  curves,  respectively,  similar  to 

the  outer  curves,  which  intersect  at  .C,  and  .C„ 

1  1  ■ 


i  2' 


Some  portions  of  the  outside  edge  of  the  cover 
plates  are  supported  and  others  are  subject  to 
prescribed  loadings,  which  may  vanish  in  any  part. 
Similarly  for  the  inside  edge  of  the  openings  in 
the  cover  plates  in  the  derivation  of  the  varia¬ 
tional  principle,  even  thou^  in  the  problem  to  be 
treated  the  entire  inside  edge  in  each  cover  plate 
is  free.  The  portions  of  any  edge  of  a  cover 

plate  that  are  supported  have  and  dw^^Vdn 

prescribed  and  are  denoted  c*^,  where  n  denotes  the 
normal  curvilinear  coordinate  to  the  curve  c^  and 
the  bars  denote  that  the  quantities  are  prescribed. 
The  portions  of  the  edge  of  a  cover  plate  which 
are  subject  to  prescribed  loadings,  which  consist 
of  bending  moments  m,  twisting  moments  t  and 

vertical  shearing  forces  v,  are  denoted  c^.  Thus 
N  C 

c  and  c  dertote  the  portions  of  an  edge  of  a 
cover  plate  on  which  natural-  and  constraint-type 
conditions,  respectively,  are  prescribed  and  we 
N  C 

note  that  c  and  c  can  refer  to  different 
portions  of  the  surface  for  different  terms  in  the 
edge  conditions  on  the  cover  plates  depending  on 
the  actual  condition  at  a  point.  Since  we  have 
outer  and  inner  edges  on  the  cover  plates,  we  use 
N 


c  and  c, , 
o  1 


Cj  to  refer  to  the  outer  and  inner 


The  corners  C,  and  ,C, 
o  1  i  1 


are 


edges,  respectively. 

subject  to  prescribed  vertical  forces  T  ■  t^  -  t 

o  o  o 

and  =  t^  -  t^,  respectively,  where  the  and 

.C_  are  presumed  to  be  subject  to  prescribed 

^  ~(0)  C  ~(0)  C 

corner  displacements  w^  'o  2  and  w^  'i  2. 


The  active  plate  is  attached  to  the  identical 
top  and  bottom  cover  plates  by  means  of  short, 
stubby  sidewalls  that  run  around  the  periphery  as 
shown  in  the  cross-section  in  Fig. 1.  For  flexure 
caused  by  normal  loading  the  short,  stubby  side- 
walls  may  be  regarded  as  rigid  without  any  loss  in 
accuracy.  This  means  that  the  sidewalls  serve  to 
keep  the  deflections  and  the  normal  slopes  of  the 
cover  plates  and  the  active  plate  the  same  at  the 
sidewalls,  i.e.,  around  the  outer  periphery.  In 
accordance  with  nomenclature  we  have  used  in 
previous  work  this  makes  each  sidewall  a  surface  ^ 
of  discontinuity,  which  in  this  work  is  denoted  c 
for  the  curve  of  discontinuity  that  is  taken  to 
represent  the  sidewalls  that  run  around  the 
periphery. 


As  usual,  in  order  that  all  variations  may  be 
regarded  as  independent  when  constraints  exist,  we 
introduce  each  constraint  as  a  zero  times  a  Lagrange 
9  10 

multiplier  ’  in  the  variational  principle.  Then,- 
in  accordance  with  the  above  discussion,  the  uncon¬ 
strained  variational  principle  for  static  flexure 
of  the  box  structure  may  be  written  in  the  form 


f  (-U  +  f!^°^w  -  F^^^w  „)dS  +  26 
?  2  B  ,  B 

|,.o 

A 

.  tf>=  -  .>ds  -  i  {2>)  [(: 

’  r=o  N 

C 

r 

\  (w  -  w ) 

C 

r 

+  u^(w  -w  )]dsH-26 

-  n  n  /  / 

[  \'^(w  - 

•  C, 


+  H  (w  -  w  )]  ds  +  2  6(Ti5  °  S  +  2S(Tw  ^  S 
,  n  j  fi 


+  2\‘^  °  2  6(0 


w) 


(3.1) 


where  S  denotes  the  area  of  the  active  plate.  S 
denotes  the  area  of  the  cover  plates 


U  »  - 

U  »  - 


2  ''ab”,AB’  '^AB  ' 


-  K  w  ,K  : 
2  AB  .AB’  AB 


1  i  d  d 
A.  ,  Vi  ,  \  ,  V*  , 


-  “  h  V  w 

3  ^ABCD  ,CD  ' 

2  .3 

~  h  V  w 

3  ABCD  ,CD  • 


(3.2) 

and 


\  are  Lagrange  undetermined  multipliers  and 

for  notatlonal  convenience  we  have  taken  the 
liberty  of  suppressing  the  superscripts  (0),  (l)and 
subscripts  2.  The  factor  2  appears  in  certain 
terms  in  Eq.(3.1)  because  there  are  two  identical 
cover  plates  and  a  caret  over  a  quantity  indicates 
that  it  is  associated  with  the  cover  plates. 

Taking  the  variations  in  (3.1),  integrating  by 
parts  and  using  the  surface  divergence  theorem 


twice  ,  employing  the  chain  rule  of  differentia¬ 
tion  with  respect  to  the  orthogonal  curvilinear 
coordinates  n,s,  integrating  by  parts  along  C 


and  C,  to  the  respective  intersections  C,  C 
i  o  r  i  i’ 

and  .C^,  and  employing  the  relations 


an/aXB  -  Ng,  ae/ax^.  »  0.3) 

where  Ng  and  denote  outwardly  direc  ted  unit  vectors 
normal  and  tangential  to  either  C  or  C.  in  the 
respective  counterclockwise  or  clockwise  direction 
we  obtain 


N 

c 

o 

-F<'\  +  x"+v  «5  +  2(NgK^N^  + 
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+  H-^-ni)6w  +2  6A.  (w-w)+2  6^i  (w  “W  )|ds 

,  n  j  ^  ^  ^ 

+  I  2[  6\°(w  -  w)  +  6^.°(w  -w  )  +  6\‘^(w-w) 

j  ^  n  j  n 

c 

°  +  ^-w  ^)]ds+  ^  [K'^s.s  -‘^AB.B^A 

'  '  N 

c . 

1 

^^2(N3K^^N^-5)6i^J  ds 

+  I  2[  6\'"(w  -  w)  +  6m.^(w  -  w  )  ]  ds 

*  j  n  ,  n 


+  X**  +  T)  f.  aC  °  ^  =  0,  (3.4) 

o  1 


'Ss'VdC-C 

1 2 

and  for  brevity  we  have  omitted  the  terms  that 
serve  to  define  the  Lagrange  multipliers 

0^2  0*^2  °'^2  .d  0^2 

''  =V  -^s  ’ 

i^2  ■'-  i^2  *+  i^2 

>■  =«Ns  -  «Ns  .  <3.6) 

since  all  variations  may  be  regarded  as  arbitrary. 
For  the  same  reason,  i.e.,  because  all  variations 
may  be  regarded  as  independent  on  account  of  the 
use  of  Lagrange  multipliers  with  the  constraint 
conditions ,  we  obtain  the  flexural  equation  of 
equilibrium  (2.3)  for  both  the  active  plate  and 
the  cover  plates  from  the  surface  terms  in  (3.4) 
and  the  material  edge  and  corner  conditions 

M  +N  K  +N  -  x'^  =  V  +  on  c^ 

Ns,s  AAB,B  BB  3s  o’ 

\^ab'’b  +  Na^b^'b  =  “  ’ 

Ns,s  AAB,B  BB  as 

“^Ns  ■  ^s  °  ^  i*^!’  ”ns  ■  ”ns  ■  ^  0*31’ 


along  with  the  natural  form  of  the  constraint- type 
edge  conditions 


^  N  C 

w  =  w  aw/ ^  =  dw/an  on  c  +  c  . 

o  o 

w  =  w,  aw/ =  av/dn  on  c^  and  c*'  ,  (3.8) 

o  1  ’ 

from  the  remaining  terms  in  (3.4). 

13>us  it  is  clear  that  the  variational 
principle  (3.1)  with  unconstrained  variations 
yields  the  differential  equation  (2.3)  for  both 
the  active  plate  and  the  cover  plates,  the  natural 
edge  and  corner  conditions  (3.7 )  and  the  constraint 
type  edge  conditions  (3.8).  In  addition,  the 
Lagrange  multipliers  have  been  expressed  in  terms 
of  derivatives  of  w  and  w  in  (3.6).  Consequently, 
the  variations  may  be  obtained  from  (3.6  )  and 
12 

substituted  in  (3.4),  which  may  then  be  used  for 
obtaining  an  approximate  solution  for  the  flexural 

13  14 

biasing  state  without  any  a  priori  conditions  ’ 
on  the  approximating  functions. 

4.  Flexure  of  Box  Structure  Supported  by  Clips 

A  plan  view  and  cross-s- -tion  of  the  box 
structure  is  shown  in  Fig.l  along  with  the  coordi¬ 
nate  system.  The  substitution  of  (3.2)2  ^  and 

(2.5)  in  (2.3)  for  both  the  active  plate  and  the 
cover  plates  yields  the  equilibrium  equation  for 
flexure  of  the  thin  plates  in  the  form 

3  ^  ''aBCd”,CDAB '*'^^^^2  ° 
I^\bCD^CDAB^^°^2  =  <^-^> 

Since  the  inner  edges  of  the  cover  plates  are  free 
and  the  outer  edges  are  free  except  at  the  clips, 
where  they  are  simply  supported  and  the  active 
plate  is  attached  to  the  cover  plate  by  means  of 
sidewalls  around  the  periphery,  the  boundary 
conditions  take  the  form 


'(1)  1  (1)  _ 

*^11  ^  2  ’^11  ■  ° 

K<}^  =  0,  1X3!  < 

-(1)  1  (1)  . 

*^33  ^  2  ‘S3  ° 


S  b,  =  ±  a, 


s  a,X3  =  *  b. 


"(I) 
S3  = 


5  a^,X3  £  b^  , 


2K<1>  +K<1>  +i  f2K<^^  )  -  0 

‘^S3,3^'^ll,l  ^  2  <^S3,3^'^11,1^  ° 

at  X3  =  £a,  t  <  1X3!  sb 
^13,1  ^S3. 3  ^  2  <^13,1  ^S3. 3^'  ° 


at  X3  =  ±b,  t  « 
at  Xj  =  ±  a,  IX3I  s 


w  =  0  at  X3  =  ±  b. 
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w  =  w,  w 


=  w  ^  at  X^=±a, 
=  w  2  at  X^  =  ±b  , 


in  which  for  simplicity  we  have  written  (^.2)j_g 

for  the  case  of  symmetric  supports  for  which  the 
acceleration  sensitivity  vanishes.  However,  in 
the  actual  problem  treated  we  consider  a  clip  to 
be  misposi tioned  and  modify  include 

the  asymmetry. 

Since  as  already  indicated  the  problem 
defineu  in  (4.1)  and  (4.2)  cannot  be  solved 
exactly,  an  approximation  procedure  is  employed. 

To  this’end  we  first  transform  the  inhomogeneities 
from  the  differential  equations  (4.1)  into  the 
boundary  conditions  (4.2)  by  writing 

w  =  w*  +  Wg,  w  =  «  +  "s  ’  (^-3) 

where  w*  and  w*  are  polynomials  up  to  fourth 
order  in  X,  and  X.  with  coefficients  depending  on 

the  acceleration  a,.  The  polynomials  w  and  w 

^  j  •  • 

also  satisfy  certain  of  the  edge  conditions 
Hie  substitution  of  (4.3)  into  (4.1)  yields 


\bcd”s,cdab 


°  '^abcd”s,cdab 


The  further  substitution  of  (4.3)  with  (3.2)2  ^ 
into  (4.2)  yields  tbe  transformed  edge  conditions^ 
which  for  brevity  we  do  not  bother  to  write  here 


As  a  solution  of  (4.4)  we  write 

“s  =  4  V 

m 

"s  ■  1 


where  V  =niTT/2CTa  and  v  -  intT/2ca  and  a  is  chosen 
m 

to  be  an  irrational  number  (here  tt)  in  order  that 

neither  cos  v  b  or  sin  v  b  vanish.  The  substitu- 
m  ni 

tion  of  (4.5)  into  (4.4)  yields 

''lA  *  <^13  + 

Equation  (4.6)  yields  four  independent  roots 

•-(p)  =  r^^p)  (p  =  1  2  3,4),  which  are  independent 
mm’’’ 

of  m.  Hence,  the  sums  in  (4.5)  can  be  written  in 
the  form  _ 


r  ^''ra^i  r 
“S  =  Z.  "  4  ° 


_  iv  X,  ,  ,  iTL’’^X. 

"S-E  '  Z  ‘ 


where  the  and  the  are  amplitude  coeffi- 

m  m 


cients  still  to  be  determined.  By  satisfying  the 

->  1 

homogeneous  edge  conditions  K  =  0  at 


X3  =  ±  b,  Wg  -  Wg  ^ 


0  at  X3  =-b  and  -g  j’Wg  =0 


at  X3  =  ±b  for  each  m,  we  obtain 

m  °lm  m  2in  m  3m  m 


(P)5(i) 

m 


B(p>  =  g(p>D(^)+g^>D(2)^*g(p)5(u 


t  itxA 


sothatD(')  =  D('>,  D(2)  =  n(2)  5(3),«(1)  3,^,^ 

m  m’m  m'm  m 

reduces  the  number  of  unknown  coefficients  frcm 
8  to  3  for  each  m.  The  substitution  of  (4.8.)  in 
(4.7)  enables  us  to  write 


“S  “I 

ro 

h-i 


i  i 

1^1  p*i 


as  the  approximate  solution  functions. 

Since  the  solution  functions  in  (4.3)  satisfy 
the  differential  equations  (4.1),  only  the  edge 
conditions  remain  in  the  variational  principle 
(3.4)  and  those  edge  conditions  that  have  been 
satisfied  do  not  appear.  Substituting  from  (4.3) 
and  (4.9)  and  the  homogeneous  edge  conditions 
mentioned  above,  which  have  been  satisfied  exactly 
by  each  term  in  the  solution  sums,_lnto  (3.4)  and 
employing  (3.5)  and  the  fact  that  t  and  "v  vanish 
on  the  inside  edges  and  on  the  outside  edges  of  the 
cover  plates,  where  there  are  no  clips,  we  obtain 

^  Xi=a 

[(4K3+2K5)  3  +  (2K,+K3)^3j6C)g  dXg 


A  3 
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f+t 

+  J  06[(4Kj +  2K^)  j  +  (2K^ +K^) 

f-t  ’ 


+  j  w6[(4K5  +  2K3)  (2K3+K3)^3]3 


f+t 

J 

f-t 

b 

J 

-b 


X3=a,f=f3 

dX3 

X3=-a, f=f3 

X3=b, f=f2 

<1X3 

X3=-b.f=f^ 


U 

+  J(2Ki+Ki)60s,i 


X3  -  }  (w-w 


X3=a 
dX 

J  < 

X3— a  -b 


)6(2K 


5,3 


X3=a  a 

<1X3  -  J  (w-w)36(2K3^3+K3  3). 


X3=-a  -a 


X3=b 

dX, 


b 

-b 


dX3  +  (4X3 
X3=-a 


+  2X3)  6Wg 


X=a.X3=b 


-  (4X3+2X3)6(13 


Xi=a,X3=-b 


X3=-a,X3=b 


•K 


+  X-  ,)6w„ 
J,  3  S 


dX3  +2 

Xi=-«c  '^C 


V-a.X3=-b 

J  <^S.l 


dX^  -  2 
^='*>0 


J 

-b„ 


^1="C 

dX3 

V-^c 


-  2 


J 


S"'’c 

dXj  -AX365g 


='i=-"c*S=-'’c 


+  4X3  5Wg 


0,  (4.10) 


where  the  integrals  with  the  slash  are  defined  by 


f,  -  t 

b  1  b 

1  =  +  J  *1 

-b  -b  f^+t 


±a 


a  ^2  '  ^  ^ 

j:  =  4J  +  J  at  X3  =  ±b,  (4.11) 

-a  -a  ^2^^ 

4 

in  which  f.  (i=l,2,3,4)  denotes  the  mispositioning 

X3=a 


of  a  clip  as  shown  in  Fig.l,  The  notationj 
means  the  quantity  evaluated  at  a  minus  the  quantity 


Xi=-a 


evaluated  at  -a,  the  compressed  notation  for  tensor 
indices  has  been  introduced  and  the  5K^g,  are 

obtained  from  (3.2)2  4  with  w^,  w^  instead  of  w,  w 
since  the  variation  of  prescribed  quantities  vanishes 
and  the  subscript  S  means  evaluated  with  Wg,  Wg. 

Substituting  from  (4.3)  with  (4.9)  into  (4.10)  and 
performing  the  integrations,  we  obtain 


Hill  «•“> 


n=-N  k=l  m=-N  ^1 


Ik  k 

The  a^^  and  b^  are  very  lengthy  expressions,  which 

provide  no  additional  understanding  and  were  left 
in  the  computer  where  they  were  generated.  Since 
'^(k) 

the  6D  are  arbitrary,  we  obtain 


I 


m=-N 


3 

I 


mn  m 


n 


k=  1-3,  n=  ±1  ±2, _ ,  ±N,  (4.13) 

which  constitute  6N  inhomogeneous  linear  algebraic 
equations  in  the  6N  unknowns  the  inversion 

of  which  gives  the  approximate  solution. 


5.  The  Mode  Shape  in  the  Biconvex  Resonator 


A  schematic  diagram  of  the  biconvex  resonator 
along  with  the  associated  coordinate  system  is 
shown  in  Fig. 3.  Although  most  of  Sec. 6  of  Kef. 8 
appears  here  without  change,  there  is  one  important 
change  in  an  equation  and  Ref. 8  is  for  a  plano¬ 
convex  resonator  while  this  work  is  for  a  biconvex 
resonator.  Consequently,  we  repeat  some  of  the 
material  of  Sec. 6  of  Ref. 8  here.  It  has  been  shown 
that  the  eigensolution  for  the  dominant  displacement 
of  the  harmonic  modes  in  a  contoured  quartz 
resonator  can  be  written  in  the  form35 


nrrX,  lui  t 

_  2  noo  .  _  _ 

u,  =  sin  ■  u  e  .  n=1.3.5. 


In  2h  “noo 

where 


u  =  e 
noo 


-a  (X,^/2)-8  (X^/2) 
n  1  n  3 


in  which 


,  2  2.(1)  ,  2  2.(1) 

^  n  TT  c^  "  g2  ^  n_n_c _ 

"  8RhV  ’  "  SRh^P' 

on  on 


(5.1) 

(5.2) 

(5.3) 


and  m'  and  p'  are  involved  lengthy  expressions  that 
n  n 

are  defined  in  Sec. II  of  Ref. 15  along  with  X^  and 
X3,  which  are  orthogonal  directions  in  the  plane 

of  the  plate  for  which  the  scalar  differential 
equation  for  the  nth  enharmonic  family  of  modes 
does  not  contain  mixed  derivatives  and  2R  denotes 
the  radii  of  the  spherical  contours.  From  Eq.(97) 
of  Ref.  15  in  this  work  we  have 


^A 


(5.4) 
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where  represents  the  components  of  the  displace¬ 
ment  of  the  center  of  the  mode  shape  from  the 
symmetric  position  with  respect  to  the  support 
configuration  and  from  Eq.  (98)j^  of  Ref.  15 

cos  I  -  sin  e 

;  ; .  <=.=> 

sin  B  cos  8_ 

n  n 

and  I  is  defined  in  Eq. (98)2  of  Ref. 15.  The  eigen- 

frequencies  corresponding  to  the  elgensolutlons 
for  the  harmonic  modes  are  given  by 


coefficient.  The  C  denotes  the  mispositioning 
coefficient  for  the  mode  center  and  the  C, 

*■1 

denotes  the  mispositioning  coefficient  for  the  ith 
clip  shown  in  Fig.l.  Since  for  a  perfectly 
symmetric  system  the  normal  acceleration  sensi¬ 
tivity  vanishes,  the  C  and  the  C  are  the 

•■i 

important  quantities  to  study  because  when  they 
are  minimized,  the  influence  of  an  error  in  fabri- 
catio.n  is  minimized.  Since  C  and  will  be 

plotted  in  this  work  and  the  significance  of  their 
value  is  not  familiar,  the  relation  between  the 
values  of  C  and  the  normal  acceleration  sensi¬ 
tivity  for  a  range  of  mispositioning  dimensions  is 
shown  by  the  straight  lines  in  Fig. 4. 


2 

noo 


4h^p 

o 


L  nTT  \  R  / 


(5.6) 


where  c  is  defined  in  Eq.(78)  of  Ref. 15.  The 
other  displacement  components  of  the  equivalent 
trapped  energy  mode  shape  are  discussed  in  Sec. 6 
of  Ref. 8. 


6.  Calculated  Results 


From  Section  5  we  now  know  and  from 

Sections  2  and  4  we  know  c,  ..  for  normal  acceler- 

LyMa 

ation,  i.e.,  flexure  of  the  box  structure.  Hence, 
we  can  now  evaluate  H  in  Eq.(2.2).  Since  the 


perturbation  integral  H 


has  been  shown  to  vanish 


for  a  perfectly  symmetric  mode-shape  plus  support 
configuration,  i.e.,  when  both  d^  and  f^  vanish 


in  this  work,  the  substitution  of  the  biasing 
state  in  (2.2)  and  expansion  to  first  order  in  d 
or  yields,  with  the  aid  of  (2.1) 


Aui/ol))j  =  “  ^f  ^i  ’  (^-l) 

i  i 

where  the  and  the  are  more  readily  calcu- 
1 

lated  than  obtained  analytically.  The  f^^  denote 

the  mispositioning  of  a  clip  and  are  scalars,  while 
the  d^  denote  the  components  of  the  planar  dis¬ 
placement  of  the  center  of  the  mode  shape  from  the 
center  of  the  rectangle.  Since  the  f^  are  scalars, 

the  C,  are  scalars,  but  since  the  d  are  the 
ti  A 

components  of  a  planar  vector,  the  are  the 

components  of  a  planar  vector,  the  magnitude  of 
which 


(6.2) 

is  an  important  scalar,  as  are  the  C,  .  In  earlier 
1 

work  C  was  referred  to  as  an  offset  coefficient. 

We  now  change  the  name  to  a  mispositioning 


Calculations  of  C  and  C.  have  been  performed 
using  the  known  values  of  the  second  order  and 


the  third  order  elastic  constants  of  quartz. 

In  Fig. 5  we  have  plotted  the  mispositioning  coef¬ 
ficients  as  a  function  of  the  ratio  of  the  thick¬ 
ness  of  a  cover  plate  to  the  active  plate  for  an 
SC  cut  with  an  orlentatifn  of  the  support 
rectangle  8  =  -  50°  and  an  aspect  ratio  a/b  =  1.5. 
It  can  be  seen  from  the  figure  that  the  misposi¬ 
tioning  coefficients  decrease  as  the  thickness  of 
the  cover  plates,  i.e.,  the  stiffness,  increases. 
The  figure  also  shows  that  the  mispositioning  of 
the  mode  center  is  much  more  deleterious  than  the 
mispositioning  of  the  clips.  The  orientation  of 
the  support  rectangle  8  =  -  50°  is  used  because  it 
was  found  in  earlier  work^  that  for  a  simply- 
supported  active  plate  a  sharp  minimum  in  C  was 
found  at  this  orientation  for  an  aspect  ratio 
a/b  =  2.0.  This  orientation  of  the  support 
rectangle  of  an  SC  cut  is  maintained  in  all  calcu¬ 
lations  presented  in  this  work,  as  is  the  ratio 
a  /a  =  0.5  for  the  openings  in  the  cover  plates, 
sfrailar  calculations  have  been  performed  for  the 
same  plate,  but  with  an  aspect  ratio  a/b  =  1.8 
and  are  plotted  in  Fig.  6,  which  shows  that  the 
mispositioning  of  the  mode  center  has  become  less 
significant  and  the  mispositioning  of  the  clips 
a  bit  more.  This  large  change  in  C  for  a  rela¬ 
tively  small  change  in  aspect  ratio  is  a  result 
of  the  fact  that  the  simply-supported  plate  has  a 
sharp  minimum  at  8  =  -  50°  when  a/b  =  2.0. 


In  Fig. 7  we  have  shown  the  mispositioning 
coefficients  as  a  function  of  the  ratio  of  thick¬ 
nesses  for  the  critical  aspect  ratio  a/b  =  2.0.  It 
can  be  seen  from  the  figure  that  the  influence  of 
the  mispositioning  of  the  mode  center  is  very  low 
throughout  the  range  of  thickness  ratio  and  that 
the  influence  of  the  mispositioning  of  the  clips 
decreases  as  the  thickness  ratio  increases.  This 
figure  shows  a  large  range  of  thickness  ratio  in 
which  the  C  curve  increases  with  increasing  thick¬ 
ness  ratio.  This  is  directly  related  to  the  fact 
that  the  C  curve  for  the  simply  supported  plate 
shows  a  sharp  minimum  at  this  orientation  for  this 
aspect  ratio,  which  means  that  when  the  active 
plate  is  free  to  rotate  at  the  edges  C  is  very 
low  for  this  case.  Since  the  cover  plates  and 
sidewalls  stiffen  the  edge  of  the  active  region. 
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they  serve  to  prevent  the  free  rotation  at  the 
edges.  Hence,  for  this  case  C  can  increase  with 
increasing  h/h,  i.e.,  stiffness  and  can  also 
decrease  with  increasing  h/h  because  the  free  edge 
is  not  necessarily  an  absolute  minimum.  Figure  7 
indicates  that  the  case  in  which  the  aspect  ratio 
a/b  =  2.0  and  the  ratio  of  the  thickness  of  a 
cover  plate  to  the  active  plate  fi/h  =  2.0  is  the 
best  for  minimizing  the  influence  of  fabrication 
imperfection  on  normal  acceleration  sensitivity. 
Similar  calculations  for  the  square  plate  are 
shown  in  Fig. 8.  It  can  be  seen  from  the  figure 
that  for  the  square  plate  the  Influence  of  a 
mispositioning  of  the  mode  center  is  truly 
abominable.  This  emphasizes  the  importance  of  the 
anisotropy  of  the  support  configuration  in  mini¬ 
mizing  the  influence  of  fabrication  errors.  The 
results  of  Figs. 5  -  8  are  summarized  in  Figs. 9  and 
10  for  C  and  ,  respectively. 

Figures  11  and  12  show  the  mispositioning 
coefficients  as  a  function  of  the  size  of  Che 
openings  in  the  cover  plates  for  two  different 
thicV.'.ess  ratios.  The  figures  show  that  thepe  is 
not  much  change  for  a  given  thickness  ratio  h/h, 
but  that  the  C.  coefficients  for  h/h  =  2.0  are 
^i  „ 

about  one  third  of  the  values  for  h/h  =  1.0.  The 
C  curve  is  different  in  the  two  figures  in  accord¬ 
ance  with  Fig. 9. 
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Abstract 

A  new  solution  technique  has  been  developed 
to  calculate  frequency  shifts  for  quartz  resonators  arising 
from  mechanical  stresses.  This  solution  technique 
utilizes  finite  element  analysis  as  an  initial  step  to 
calculate  mechanical  stress  distributions  in  quartz 
resonators.  Output  from  the  finite  element  solution  is 
used  in  a  recently  developed  program  to  calculate 
resonator  frequency  shifts  as  the  final  step.  Frequency 
shifts  are  calculated  via  numerical  integration  of  the 
perturbation  integral  derived  by  Tiersten.  The  solution 
technique  is  general  in  that  any  combination  of  mount 
and  resonator  geometries  may  be  modeled.  Any 
crystallographic  orientation  may  be  chosen  and  any  load 
or  combination  of  loads  may  be  applied  to  the 
resonator.  The  frequency  perturbation  calculation 
includes  movement  of  the  mode  to  any  position  in  the 
general  vicinity  of  the  resonator  center.  Experimental 
results  for  AT-  and  SC-cut  resonators  subjected  to 
diametric  force  and  inertial  loading  verify  the  accuracy 
of  frequency  shifts  calculated  using  the  new  solution 
technique.  Minimum  acceleration  sensitivities 
corresponding  to  optimum  mode  locations  and  mount 
orientations  were  calculated  for  ideal  SC-cut  crystal 
units.  Simple  mount  imperfections  were  modeled  to 
determine  what  affect  these  might  have  upon  resonator 
performance. 

INTRODUCTION 

Numerous  theoretical  and  empirical  studies 
have  been  performed  over  the  past  thirty  years 
investigating  the  effects  of  static  and  dynamic 
mechanical  stresses  upon  the  performance  of  quartz 
crystal  resonators  [1-30].  Resonator  stresses  investigated 
in  these  studies  arise  from  many  loading  conditions 
including  diametric  force  pairs  [1-9],  surface  tractions 
generated  by  thin  metal  fdms  [10],  thermal  effects  [11- 
15],  and  time-varying  inertial  loads  generated  by 
environmental  vibrations  [16-30].  Of  particular  concern 
to  investigators  has  been  the  effect  these  and  other  load 
conditions  have  upon  the  accuracy  and  stability  of  the 
resonator  frequency.  A  new  solution  technique  has  been 
developed  to  calculate  resonator  frequency  shifts  arising 


from  virtually  any  combination  of  loading  and  boundary 
conditions. 

Mechanical  stresses  induced  by  external  actions 
and  distributed  throughout  the  resonator  body  are 
computed  using  fmite  element  analysis  (FEA).  The 
finite  element  method  is  a  numerical  technique  for 
formulating  and  solving  the  governing  differential 
equations  for  continuum  problems  [31-35].  Finite 
element  models  may  be  created  which  accurately 
characterize  the  mechanical  behavior  of  quartz 
resonators  and  the  structures  which  support  them. 
Models  may  be  built  which  include  full  anisotropic 
material  properties,  differences  in  thermal  expansion, 
interfacial  and  geometric  effects.  Static  or  dynamic 
loads  may  be  concentrated  at  a  point,  distributed  over  a 
surface  or  throughout  a  volume. 

A  program  has  been  written  which  retrieves 
element  stresses  and  nodal  displacements  from  output 
files  generated  for  finite  element  models  of  quartz 
resonators.  This  program  computes  resonator  frequency 
shifts  for  the  rmite  element  solution  via  numerical 
integration  of  the  perturbation  equation  derived  by  H.F. 
Tiersten  [36].  Recent  studies  suggest  that  the  location 
of  the  mode  with  respect  to  stresses  distributed 
throughout  the  resonator  as  well  as  distortions  in  mode 
shape  affect  resonant  frequency  shifts  [21,22,24,25,27,28]. 
The  formulation  of  the  perturbation  integral  used  in  the 
new  solution  technique  incorporates  movement  of  the 
mode  center  location  with  'espect  to  resonator  stress 
distributions.  Details  of  the  new  solution  technique  are 
presented  in  Appendix  A. 

Independent  experimental  results  were  sought 
to  verify  the  accuracy  of  frequency  shifts  computed  using 
the  frequency  perturbation  program  and  finite  element 
models  of  quartz  resonators.  Frequency  shifts  measured 
for  resonators  subjected  to  diametrically  opposed  in¬ 
plane  forces  and  for  crystal  units  subjected  to  steady- 
state  acceleration  were  selected  for  this  purpose.  Force- 
frequency  coefficients  calculated  for  AT-  and  SC-cut 
resonators  subjected  to  diametric  forces  at  varying 
azimuth  angles  were  compared  with  published 
experimental  measurements  [5,6,and7].  The  minimum 
acceleration  sensitivity  predicted  for  the  optimum  off- 
center  mode  location  was  compared  to  optimized 
acceleration  sensitivities  achieved  experimentally  for  AT  - 
cut  crystal  units  [21]. 

Acceleration-induced  frequency  shifts  were  also 
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calculated  for  SC-cut  crystal  units.  Calculations  were 
performed  for  variations  in  the  orientation  of  a  four- 
point  mount  with  respect  to  the  crystallographic  axes  of 
the  SC-cut  resonator.  Minimum  acceleration 
sensitivities  and  the  corresponding  optimum  mode 
locations  were  derived  for  each  mount  orientation. 
Finite  element  models  of  ideal  mount  and  resonator 
geometries  were  used  for  these  calculations. 

Manufacturing  tolerances  will  result  in 
imperfect  mount  and  resonator  geometries.  Finite 
element  models  of  an  SC-cut  crystal  unit  were  modified 
to  approximate  simple  mount  imperfections.  Optimum 
mode  locations  which  minimize  acceleration  sensitivity 
were  calculated  to  determine  what  effect  imperfect 
mount  geometries  might  have  upon  acceleration-induced 
frequency  shifts.  These  calculations  revealed  that  mount 
imperfections  are  an  important  factor  contributing  to 
increased  acceleration  sensitivity  and  reduced  precision 
for  manufactured  crystal  units. 


The  solution  technique  described  in  Appendix 
A  has  been  used  to  calculate  the  force-frequency  effect 
for  AT-  and  SC-cut  quartz  resonators.  Force-frequency 
coefficients  for  AT-  and  SC-cut  resonators  have  been 
measured  in  the  past  by  numerous  investigators  (1-9J. 
Force-frequency  coefficients  for  quartz  resonators  are 
computed  using  [5] 


(1) 


(.550")  and  a  radius  of  curvature  of  141.333cm  (3/8 
diopter).  A  thickness  of  .0688cm  (.027")  at  the  center  of 
each  resonator  produces  a  fundamental  C-mode 
frequency  of  2.4MHz  (Nq=  1651  Hz-m)  for  the  AT-cut 
and  2.636MHz  (Nq=  1813  Hz-m)  for  the  SC-cut. 

Figure  1  depicts  the  deformed  shape  of  the 
FEA  model  for  the  SC-cut  resonator  subjected  to  100 
Dyne  diametric  forces  at  an  azimuthal  angle  of  \^=90". 
The  cross-hatched  region  at  the  center  of  the  model  is 
the  portion  of  the  active  region  over  which  numerical 
integration  of  the  perturbation  integral  was  performed. 
Force-induced  frequency  shifts  were  calculated  for  the 
fundamental  and  third  overtone  of  the  C-mode  for  each 
resonator.  Azimuthal  angles  ranged  from  0*  to  90*  for 
the  AT-cut  resonator  and  from  0”  to  180*  for  the  SC-cut 
resonator.  Figure  2  depicts  variations  in  the  force- 
frequency  coefficient  with  azimuth  angle  measured  for 
the  AT-cut  resonator  C-mode  [5,6].  A  similar  curve  [7] 
for  the  SC-cut  C-mode  appears  in  Figure  3. 
Experimental  results  in  Figures  2  and  3  are  for 
resonators  at  room  temperature  (25*C). 

Force-frequency  coe^icients  calculated  for  both 
resonators  are  plotted  for  comparison  with  the 
experimental  results  in  Figures  2  and  3.  The  agreement 
between  the  calculated  and  measured  force-frequency 
coefficients  is  excellent  for  the  AT-cut  resonator.  Force- 
frequency  coefficients  calculated  for  the  SC-cut 
resonator  are  in  good  agreement  with  the  measured 
results.  Small  discrepancies  might  be  attributed  to  slight 
differences  in  the  orientations  of  the  SC-cut  resonators 
as  modeled  and  tested. 
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where  D  is  the  resonator  diameter,  t^  is  the  maximum 
thickness  at  its  origin,  and  its  frequency  constant. 
Fractional  frequency  shifts  Af/fj,  in  Equation  1  arise 
from  in-plane  diametric  forces  of  magnitude  F 
concentrated  at  the  resonator  circumference.  Prior 
investigations  have  focused  upon  measuring  what  effect 
varying  the  azimuthal  angle  ip  locating  the  angular 
orientation  of  the  diametric  forces  has  upon  Kf. 

Finite  element  models  of  AT-  and  SC-cut 
quartz  resonators  subjected  to  diametric  forces  at 
varying  azimuth  angles  have  been  created.  Frequency 
shifts  computed  using  the  new  solution  technique  for 
each  orientation  were  converted  to  force-frequency 
coefficients  for  comparison  to  experimental  results. 
Crystallographic  orientations  used  in  these  calculations 
for  the  AT-  and  SC-cuts  are  ^=0*;S  =35.25*  and 
^=22.4*;  5  =34.3*,  respectively.  Both  models  are  of 
plano-convex  resonators  with  a  diameter  of  1.397cm 


Having  verified  that  the  solution  technique 
accurately  calculates  frequency  shifts  for  AT-  and  SC-cut 
resonators  loaded  diametrically,  acceleration-induced 
frequency  shifts  were  studied  next.  Mount  Reactions  to 
either  steady-state  or  time-varying  inertial  loads  produce 
mechanical  stresses  distributed  throughout  the  resonator. 
Mechanical  stresses  in  the  active  region  change  the 
resonant  mode  frequencies  of  quartz  crystal  oscillators. 
Frequency  changes  in  proportion  to  the  inertial  load 
magnitude  and  depends  upon  the  resonator  orientation 
relative  to  the  acceleration  direction.  Acceleration 
sensitivity  of  quartz  resonators  is  typically  expressed  as 
a  vector  quantity  knovra  as  the  gamma  vector  f .  Gamma 
vector  components  are  fractional  frequency  shifts 
produced  by  unit  acceleration  in  three  orthogonal 
directions.  Fractional  frequency  shifts  arising  from 
acceleration  in  any  direction  are  computed  as  the  scalar 
product  of  the  gamma  vector  with  the  acceleration 
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vector 


4^-r-a  (2) 

where  is  the  frequency  for  zero  acceleration.  Gamma 
vectors  for  precision  resonators  typically  have 
magnitudes  ran^ng  from  lO"’  to  10'*°  per  g. 

Independent  experimental  results  reported  by 
Smythe  and  Horton  [21]  were  selected  to  verify  the 
accuracy  of  acceleration-induced  frequency  shifts 
computed  using  the  new  solution  technique.  Smythe  and 
Horton  describe  a  multi-electrode  technique  for  altering 
mode  shape  and  location  using  a  simple  external  circuit 
adjustment  to  spatially  control  mode  excitation  levels. 
They  were  able  to  selectively  null  individual  components 
of  t  and  minimize  gamma  vector  magnitudes  |  f  |  by 
iteratively  varying  the  relative  excitations  of  multi- 
electroded  resonators.  They  reduced  acceleration 
sensitivities  by  factors  ranging  from  2.3  to  5.3  and 
achieved  a  minimum  sensitivity  of  1.46X10'^°/g. 

A  finite  element  model  of  the  crystal  units 
tested  [21]  has  been  created  to  investigate  acceleration 
effects.  The  model,  depicted  in  Figure  4,  is  of  a  30MHz, 
3rd,  AT-cut  disc  resonator  supported  by  four  Houston 
Electronics  M-704  clip  mounts  equally  spaced  around  its 
circumference.  The  mounts  are  aligned  with  the 
crystallographic  X-  and  Z'-axes  (V>=0°)  which 
correspond  to  the  global  X-  and  Z-axes  of  the  model. 
Material  properties  for  the  AT-cut  (i.e.,  ^ =0°;^  =35.25*) 
were  entered  into  the  model  of  a  plano-plano  resonator 
with  a  diameter  of  0.787cm  (0.31").  A  constant 
resonator  thickness  of  .0165cm  (.0065")  produces  a 
fundamental  C-mode  frequency  of  10.046MHz  (Nq= 
1657.65  Hz-m)  for  this  resonator.  Gravitational 
acceleration  (i.e.,  self  weight)  was  applied  to  the  model 
along  three  mutually  orthogonal  axes.  Figure  5  depicts 
the  deformed  shape  of  the  resonator  model  subjected  to 
gravitational  acceleration  in  the  global  Z-direction. 

Gamma  vector  components  were  calculated  for 
the  C-mode  (3rd  overtone)  located  at  the  center  of  the 
resonator  and  offset  ±  .05cm  in  the  X-  and  Z-directions. 
Gamma  vector  components  sum  to  form  the  gamma 
vector 

and  are  used  to  calculate  the  gamma  vector  magnitude 

Off-center  gamma  vector  components  were  used  to 
linearly  extrapolate  the  optimum  mode  location  which 
minimizes  |I*I- 


To  simulate  the  scatter  in  |t|  measured  by 
Smythe  and  Horton  for  crystal  units  prior  to 
optimization,  gamma  vector  components  computed  for 
±  .05cm  offsets  in  the  X-  and  Z-directions  were 
extrapolated  to  ±  0.1cm  offsets.  The  scatter  in  ll*! 
calculated  for  movement  of  the  mode  within  a  0.2cm 
circle  centered  at  the  resonator  origin  is  depicted  in 
Figure  b.  The  measured  scatter  [21]  for  crystal  units 
prior  to  minimization  of  |  T  |  is  also  depicted  in  Figure 
6  for  comparison.  Evidently,  manufacturing  tolerances 
resulting  in  imperfect  support,  resonator,  and  electrode 
geometries  in  combination  with  material  imperfections 
give  rise  to  variations  in  |T|  which  may  be 
approximated  by  random  movement  of  the  mode  0.1cm 
off-center.  By  iteratively  adjusting  the  spatial  excitation 
of  the  mode,  the  scatter  and  acceleration  sensitivities  for 
the  experimental  crystal  units  were  significantly  reduced. 
Optimized  Iff  for  seleticd  crystal  units  plotted  in 
Figure  6  range  from  1.46X10'^Vg  fo  3.41X10''°/g. 
Considering  unavoidable  differences  between  the  crystal 
units  and  the  idealized  FEA  model  and  discretization 
errors  arising  from  the  approximate  solution  technique, 
experimental  optimums  are  in  surprisingly  good 
agreement  with  the  predicted  optimum  of  1.7X10"^*’/g. 

Acceleration  Sensitivity  Calculated 
FOR  SC-CiJT  Crystal  Units 

Additional  acceleration  sensitivity  calculations 
were  performed  for  SC-cut  crystal  units  using  the  new 
solution  technique.  The  crystal  unit  modeled  for  these 
calculations  is  a  lOMHz,  3rd,  SC-cut  resonator 
supported  by  four  "V"  clip-mounts  distributed  at  equal 
angular  intervals  around  its  circumference.  A  drawing 
of  this  crystal  unit  appears  in  Figure  7. 

A  finite  element  model  of  the  SC-cut  crystal 
unit  created  for  gamma  vector  calculations  appears  in 
Figure  8.  Gamma  vector  components  were  computed 
for  mount  orientations  ranging  from  t^  =  0*  to  V'=  +90"  in 
15"  increments.  Figure  9  depicts  the  sense  of  the  mount 
orientation  angle  ^  with  respect  to  the  crystallographic 
axes  of  the  SC-cut  resonator  (X",  Z").  Variations  in 
mount  orientation  were  entered  into  the  model  via 
changes  in  the  material  properties  of  the  elements 
modeling  the  resonator.  Gamma  vector  components  for 
orientations  ranging  from  ^=-90*  to  t^=-15"  were 
inferred  from  components  for  the  positive  orientations 
using  symmetry.  Frequency  shifts  were  calculated  for 
the  C-mode  (3rd  overtone)  located  at  the  center  of  the 
resonator  and  off-center  ±  0.1cm  in  the  X-  and  Z- 
directions  for  each  mount  orientation.  Off-center 
gamma  vector  components  were  used  to  linearly 
extrapolate  optimum  mode  locations  which  minimize 
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I  f  I .  Components  of  the  spatial  vector  in  the  optimum 
direction  for  each  mount  orientation  were  used  to 
extrapolate  |l*|  for  the  mode  offset  0.1cm  towards  the 
optimum  location. 

Figure  10  depicts  variations  in  1 1^  |  with  mount 
orientation  for  the  mode  at  the  center  of  the  resonator, 
off-center  0.1cm  in  the  optimum  direction,  and  at  the 
optimum  location.  Moving  the  mode  off-center  0.1cm 
towards  the  optimum  reduces  acceleration  sensitivity  for 
ail  mount  orientations.  Moving  the  mode  further  to  the 
optimum  location  for  each  mount  orientation  results  in 
additional  reductions  in  1^1-  The  largest  reduction  in 
1 1*  I  occurs  for  ^ = 0“  and  by  symmetry  il>=±  90°.  Moving 
the  mode  0.23cm  to  the  optimum  location  for  this 
orientation  reduces  the  gamma  vector  by  a  factor  of  374 
from  4.49X10'*Vg  lo  .012X10''*^/g.  Movement  of  the 
mode  this  distance  is  not  practical  using  selective  mass 
loading  [22,24,25]  or  excitation  techniques  [21],  but,  any 
movement  towards  the  optimum  will  result  in 
improvements. 

Figure  11  depicts  the  variation  in  the  scatter  of 
1 1*  I  with  mount  orientation  for  the  mode  off-center 
±  0.1cm  in  the  X-  and  Z-directions.  Figure  11  also 
depicts  variations  in  |  T  |  with  for  the  mode  located  at 
the  resonator  center  and  off-center  0.1cm  towards  the 
optimum.  This  figure  illustrates  the  range  of 
acceleration  sensitivities  which  might  occur  in 
manufactured  crystal  units  for  various  mount 
orientations.  This  scatter,  produced  by  movement  of  the 
mode  within  a  0.2cm  circle  centered  at  the  resonator 
origin,  characterizes  variations  in  acceleration  sensitivity 
which  could  arise  from  manufacturing  limitations  and 
material  imperfections. 

Acceleration  sensitivity  calculations  described  to 
this  point  have  been  based  upon  finite  element  models 
of  ideal  mount  and  resonator  geometries. 
Manufacturing  tolerances  result  in  imperfect  mounts  and 
resonators.  Careful  inspection  of  crystal  units 

manufactured  with  "V"  clip  mounts  as  well  as  other 
mounts  confirmed  that  significant  deviations  from  ideal 
mount  geometries  do  occur.  To  investigate  what  effect 
mount  imperfections  might  have  upon  acceleration 
sensitivity,  the  FEA  model  of  the  SC-cut  crystal  unit  was 
modified.  Both  mounts  along  the  X-axis  were  skewed 
so  that  the  attachment  point  of  one  mount  was  raised 
.015”  with  respect  to  its  ideal  position  while  the 
attachment  point  for  the  opposite  mount  was  lowered 
.015".  The  same  modification  was  made  to  mounts 
along  the  Z-axis  for  a  second  model  depicted  in  Figure 
12.  The  mounts  were  aligned  with  the  crystallographic 
axes  of  the  SC-cut  resonator  (i.e.,  rl>=0°;±  90°)  for  both 
models.  Prior  calculations  indicated  that  the  largest 
reductions  in  |T|  are  achieved  for  this  mount 
orientation. 


Gamma  vector  components  were  calculated  for 
the  mode  located  at  the  resonator  center,  off-center 
±  0.1cm  along  the  X-  and  Z-axes,  at  the  optimum 
location,  and  offset  0.1cm  and  0.2cm  in  the  optimum 
direction.  Figure  13  depicts  the  scatter  in  1 1*  |  for  ihe 
mode  off-center  ±  0.1cm  and  the  resonator  supported  by 
ideal  mounts  and  mounts  skewed  in  the  X-  and  Z- 
directions.  Figure  13  also  depicts  the  minimum 
acceleration  sensitivities  calculated  for  each  model  and 
acceleration  sensitivities  for  the  mode  moved  0.1cm  and 
0.2cm  in  the  optimum  direction.  The  minimum  |t| 
computed  for  the  ideal  model  (.012X10''®/g)  increases 
by  a  factor  of  290  to  3.48X10‘'vg  for  the  model  of  the 
resonator  supported  by  mounts  skewed  along  the  X-axis. 
The  minimum  If  I  increases  by  a  factor  of  81  to 

1ft  "  *  * 

0.97X10  /g  for  the  model  with  mounts  skewed  along 
the  Z-axis.  Imperfect  mounts  also  resulted  in  increased 
scatter  and  significant  increases  in  acceleration 
sensitivities  for  the  other  mode  locations. 

Calculations  for  the  SC-cut  crystal  unit  with 
imperfect  mounts  indicate  that  mode  position  is  not  the 
only  critical  factor  controlling  the  acceleration 
sensitivities  of  manufactured  crystal  units.  Equally 
important  are  alterations  in  resonator  stress  distributions 
which  arise  from  imperfect  and  inconsistent  mount 
geometries. 

Conclusion 

A  new  solution  technique  has  been  presented 
which  accurately  computes  quartz  resonator  frequency 
shifts  arising  from  virtually  any  combination  of  loading 
and  boundary  conditions.  This  solution  technique 
combines  finite  element  analysis  with  numerical 
integration  of  the  frequency  perturbation  integral 
derived  by  H.F.  Tiersten  [36].  The  inherent  strength  of 
this  solution  technique  stems  from  the  capability  of  the 
finite  element  method  to  accurately  model  the 
mechanical  response  of  structural  systems.  Models  may 
be  built  which  characterize  anisotropic  material 
properties,  ideal  and  imperfect  resonator  and  mount 
geometries,  interfacial  effects,  and  virtually  any  form  of 
external  loading.  Frequency  shifts  may  be  evaluated 
using  the  new  solution  technique  for  the  normalized 
mode  shape  located  anywhere  in  the  general  vicinity  of 
the  resonator  center. 

Independent  experimental  results  confirmed  the 
accuracy  of  frequency  shifts  calculated  using  the  new 
solution  technique.  Calculated  variations  in  the  force- 
frequency  coefficient  with  azimuth  angle  for  AT-  and 
SC-cut  resonators  agreed  closely  with  measured  results 
[5,6,7].  The  minimum  acceleration  sensitivity  predicted 
for  AT-cut  crystal  units  modeled  after  those  tested  by 
Smythe  and  Horton  [21]  is  in  good  agreement  with 
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optimized  acceleration  sensitivities  achieved  by 
iteratively  varying  the  relative  excitations  of  multiple 
electrodes.  Scatter  in  the  acceleration  sensitivity 
calculated  for  the  mode  off^-center  ±  0.1cm 
approximately  characterizes  the  measured  scatter  for 
AT-cut  crystal  units  prior  to  optimization  [21]. 

Additional  gamma  vector  calculations  identified 
critical  factors  affecting  the  acceleration  sensitivity  of 
manufactured  crystal  units.  Gamma  vector  components 
were  calculated  for  SC-cut  crystal  units  with  various 
mode  locations  and  mount  orientations.  Calculations 
identified  mount  orientations  and  mode  locations  for 
which  the  largest  reductions  in  acceleration  sensitivity 
are  achieved.  Soluticn  results  predict  that  a  minimum 
1 1*1  of  .012X10''°/g  occur  for  ^=0°;±  90°  and  the 
mode  offset  0.23cm  to  the  optimum  location.  These 
results  were  based  upon  finite  element  models  of  an 
ideal  crystal  unit.  Modifying  the  finite  element  model  to 
include  simple  mount  imperfections  resulted  in 
significant  increases  in  acceleration  sensitivity  and 
scatter.  Manufacturing  tolerances  resulting  in  imperfect 
mount  and  resonator  geometries  are  unavoidable. 
Inconsistencies  in  support  geometry  and  spacing  alter 
ideal  resonator  stress  distributions.  Altered  mode 
shapes  and  locations  arise  from  imperfect  resonator 
geometries.  The  combined  effects  of  altered  stress 
distributions  and  mode  shapes  are  critical  to  controlling 
the  consistency  and  performance  of  manufactured  crystal 
units. 

APPENDIX  A 

Solution  Technique 

Steady-state  and  time-varying  external  actions 
are  balanced  by  internal  stresses  distributed  throughout 
the  elastic  continuum  of  a  quartz  resonator  in 
equilibrium.  External  actions  include  concentrated 
loads,  distributed  surface  tractions,  and  body  forces 
which  act  over  the  entire  resonator  volume.  Mechanical 
stresses  distributed  throughout  the  body  of  the  quartz 
resonator  cause  changes  in  the  resonant  frequencies  of 
its  vibration  modes.  Frequency  changes  arise  from  the 
combined  effects  of  geometric  and  material 
nonlinearities.  The  shape  of  the  resonator  changes 
slightly  under  loading.  Changes  in  shape  are 
characterized  by  a  nonlinear  strain-displacement 
relationship  referenced  to  a  fixed  Cartesian  system  and 
known  as  the  Green-Lagrange  strain  tensor.  Small 
changes  in  a  resonator’s  shape  alter  its  stiffness  and 
characteristic  frequencies  slightly.  Frequency  changes 
also  arise  from  nonlinear  stress-strain  relationships 
characterized  by  the  third-order  elastic  coefficients  of 
quartz. 


Frequency  shifts  for  quartz  resonators  subjected 
to  external  actions  are  best  calculated  using  the 
perturbation  integral  derived  by  H.F.  Tiersten  [36j.  The 
difference  between  the  unperturbed  and  the 
perturbed  u  eigenfrequencies  is  expressed  as 

Aa-u  -a  -  (A.l) 

“  2<.>„ 

where  is  the  perturbation  integral.  The  perturbation 
integral,  simplified  for  purely  elastic  nonlinearities,  is 
given  by  [24] 

-»n-J^^L,m9.%9r‘‘.LdV  (A.2) 

where  g"^  \|  and  g".^  are  spatial  gradients  of  the  mass 
normalized  unit  eigenvectors  for  the  nth  odd  harmonic 
of  the  resonator  pure  thickness  mode  triad  [37].  The 
effective  elastic  coefficient  is  a  tensor  of  the 

form 

^Lym  "  Tlm® y»*  ^Lymm^OI  *  ^Lytof^m .  jr  (A.3) 

where  the  second  rank  tensors  Tj^j^  and  contain 

stress  and  strain  components  and  and  are 
deformation  gradients.  The  constitutive  tensor  with 
second-order  elastic  components  Cl-^m  elates  stress  to 
strain  for  linear  elastic  materials.  Tne  sbcth  rank  tensor 
^L-rMaKN  contains  third-order  nonlinear  elastic 
coefficients  [38]  and  is  the  Kronecker  delta. 

Since  the  last  two  terms  on  the  right  hand  side 
of  Equation  A.3  contract  to  scalar  quantities  upon 
substitution  into  Equation  A.2  (i.e.,  all  indices  are 
paired)  repeated  indices  may  be  rearranged  without 
affecting  the  summation.  Rearranging  the  indices  and 
exploiting  the  symmetry  of  these  terms  may  be 

combined  and  Equation  A.3  rewritten  as 

^Lym~  ^LymiOI^I!K*^^Lyn^t.K 

The  deformation  gradient  is  a  combination  of  the 
symmetric  strain  tensor 

^•jr”  ^jr«  ”  jr*  ‘^jr. ■  > 

and  the  anti-symmetric  rotation  tensor 

Replacing  by  the  effective  elastic 
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coefficient  tensor  becomes 


“  T«  *  ^LimaAoi  *  2  (A-7) 

Strain  is  related  to  stress  through  the  second-order 
compliance  tensor  as  follows 

S,«-So^Tu,  (A.8) 

which  yields 

^Lym  "  ^  ^u^nAya  *  ^Lymo^mj  (A.9) 

■*■  ^^LyoAaKJJ^  ^^LyafiaK 

upon  substitution  into  Equation  A.7. 

The  effective  elastic  coefficient  given  by 

Equation  A.9  is  used  in  the  formulation  of  an  algorithm 
to  numerically  integrate  the  perturbation  integral. 
Substituting  Equation  A.9  into  Equation  A.2  the 
perturbation  integral  becomes 

*  ^LyMaaAailJ  (A.10) 

which  is  the  form  used  in  the  frequency  perturbation 
program.  Piecewise  integration  of  the  perturbation 
integral  is  performed  numerically  as  follows 

^  ^^ZJ^nAya*  ^tymJoAiarZJ 

(A.n) 

gy.L(N)  A  V(JV) 

using  single  quadrature  points  located  at  the  centroids 
of  elements  in  the  finite  element  model  of  the  resonator. 

The  summation  in  Equation  A.ll  is  performed 
over  NEL,  the  number  of  elements  comprising  a 
significant  portion  of  the  active  region  of  the  resonator 
mode.  Components  of  the  stress  tensor  T^CN), 
computed  at  the  center  of  each  element,  are  retrieved 
from  finite  element  output  files.  Components  of  the 
antisymmetric  tensor  OaK(^)>  body  rotations 

about  the  centroid  of  each  element,  are  computed  using 
nodal  displacements  retrieved  from  the  FEA  solution. 
Element  centroids  and  volumes  AV(N)  are  computed 
using  the  coordinates  for  nodes  attached  to  each 
element  used  in  the  summation.  Solution  results  are 
retrieved  from  output  files  created  by  SAP90^,  a  finite 
element  program  marketed  by  Computers  and 
Structures  of  Berkeley,  California  [34]. 

Spatial  dependence  of  the  thickness  mode 
displacements  components  is  given  by  [37] 


y//  -i*Z« 

gi-§iBin{nn-~)e  ’  e  ’  (A.12) 

(n-1,3.5 _ ) 

where  g^"  are  the  eigenvector  components  prior  to 
normalization.  Eigenvector  components  for  the  odd- 
harmonics  of  the  thickness  mode  triad  are  computed  for 
the  doubly-rotated  orientation  of  the  resonator 
crystallographic  axes  (X",Y'',Z").  Constants  q„  and 
control  spatial  decay  of  the  modal  amplitude  and  t  is  the 
resonator  thickness.  Spatial  dependence  of  the  vibration 
displacement  components  may  be  rewritten  in  terms  of 
the  global  system  (X,Y,Z)  of  the  FEA  model  using  the 
following  coordinate  transformation 

X"  -  (Jf-AJ0co3  a.  +  (Z-AZ)sin  a„ 
yll  _  Y  (A.  13) 

Z"  — (x-A^Osin  a„  *  lZ-Az)coe  a^ 

This  transformation  incorporates  off-center  translations 
AX  and  AZ  of  the  mode  center  location  with  respect  to 
the  resonator  origin  into  the  frequency  perturbation 
calculation.  The  transformed  coordinates  X"  and  Z" 
are  rotated  about  the  Y"  axis  by  the  angle  -a„.  The 
rotation  angle,  a„,  given  by 

(A  14) 

is  the  difference  between  the  orientation  of  the  global 
FEA  system  with  respect  to  the  crystallographic  axes  of 
the  resonator  and  the  angle  derived  to  transform  the 
dispersion  relation  into  a  separable  form  [37]. 

The  spatially  transformed  thickness  mode 
displacement  components  become 

g?  -  9l  HiX.Y.Z)  (A  15) 

where 

( (X-AXl  coa«a  *  (X-AZ)  ■in*.,]* 

®  (A.16) 

- (X-AXl  »ln«,  ♦  (Z-AZ)e<»aJ‘\ 

+  e  ^  / 

Gradients  of  the  spatially  transformed  thickness  mode 
components  are  obtained  upon  differentiating  Equation 
A.16  with  respect  to  the  global  system  coordinates  X,  Y, 
and  Z. 

The  mode  shape  gradients  used  in  the 
perturbation  integral  are  mass  normalized.  Eigenvector 
mass  normalization  factors  are  ^ven  by  [36] 

tfF^-f^Pogfgfdv  (A.17) 
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where  gj"  are  the  displacement  components  for  the 
thickness  mode  shapes  from  Equation  A.  15  and  is 
the  mass  density  of  quartz.  Integration  of  Equation 
A.  17  requires  knowledge  of  the  spatial  variation  of  the 
resonator  thickness  t.  For  plano-convex  resonators  t 
varies  as  follows 


Consistent  with  numerical  integration  of  the 
perturbation  integral,  the  mass  normalization  factor  in 
Equation  A.19  is  also  integrated  using  single  quadrature 
points  at  the  element  centroids 

NF\tfi  -  »  »(ao  a  kao  (^.25) 


t- 


(A.  18) 


where  t^  is  the  maximum  thickness  at  the  resonator 
origin  and  R  is  its  radius  of  curvature. 

The  second-  and  third-order  elastic  and 
compliance  coefficients  and  eigenvector  components  are 
rotated  to  the  global  coordinate  system  of  the  FEA 
model  prior  to  the  contraction  of  with  the  mode 

shape  gradients  in  Equation  A.ll.  Discrete 
approximations  of  the  mass-normalized  mode  shape 
gradients  calculated  at  each  quadrature  point  are 


NF(N) 


(A.19) 


Differentiating  H(X,Y,Z)  with  respect  to  the  global 
coordinates,  spatial  gradients  calculated  at  the  centroid 
of  each  element  N  become 

-  {-«,[()f(AO-AX)cosa,  +  (Z(AO-AZ)smaJcosa^ 
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-  {-a,I(X(A0-Alt)cosa,  +  (Z(A0-A2)sinaJsina^ 
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(A.22) 


where 


I  m  r  (a.23) 


*e 


Piecewise  formulations  for  all  tensors  used  in 
the  contraction  and  numerical  integration  of  the 
perturbation  integral  have  been  presented.  Following 
integration,  is  used  in  Equa  ion  A.l  to  compute  the 
resonator  frequency  shift.  Frequency  perturbation 
calculations  may  be  performed  for  quartz  resonators 
subjected  to  virtually  any  combination  of  loading  and 
boundary  conditions.  Effects  of  small  oR-center  mode 
locations  are  automatically  included  in  these 
calculations. 
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Figure  1.  Deformed  Shape  of  the  SC-Cut  Resonator 
Model  Subjected  to  Diametric  Forces  at  ^=90° 
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Figure  2.  Force-Frequency  Coefficient  Versus 
Azimuth  Angle  for  the  AT-Cut  Resonator 


Figure  4.  Fimte  Element  Model  of  the  Smythe  and 
Horton  AT-Cut  Crystal  Unit 
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Figure  3.  Force-Frequency  Coefficient  Versus 
Azimuth  Angle  for  the  SC-Cut  Resonator 


Figure  5.  Deformed  Shape  of  the  AT-Cut  Crystal  Unit 
Subjected  to  Z-Axis  Gravitational  Loading 
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Figure  6.  Calculated  and  Measured  Acceleration 
Sensitivities  for  the  AT-Cut  Crystal  Unit 
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Figure  7.  SC-Cut  Crystal  Unit  Four-Point  V-Clip 
Mount  Package 


Figure  8.  Finite  Element  Model  of  the  Four-Point  SC 
Cut  Crystal  Unit 
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Figure  9.  Mount  Orientation  Relative  to  the 
Crystallographic  Axes  of  the  SC-Cut  Resonator 


Figure  10.  Variation  in  Gamma  Vector  with  Mount 
Orientation  for  the  SC-Cut  Crystal  Unit 
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ABSTRACT 

Surface  Acoustic  Wave  (SAW)  oscillators  with  vibration 
sensitivities  well  below  1x10'**  fractional  change  in  frequency 
per  g  have  been  demonstrated.  Data  is  presented  which 
indicates  the  need  for  a  rigid  support  structure  under  an 
inherently  low  vibration  sensitivity  "All  Quartz  Package" 
(AQP)  SAW  device  in  order  to  achieve  low  vibration  sensitivity 
at  the  oscillator  level.  An  alumina  stiffener  supporting  a 
hybrid  circuit  SAW  oscillator  provides  this  essential  rigidity. 
Vibration  sensitivity  data  for  twenty-six  oscillators  in  a 
1.22  inch  (3.10  cm)  square  hybrid  circuit  package  mounted  on 
a  0.30  inch  (7.6  mm)  thick  alumina  stiffener  yielded  an 
average  value  for  the  magnitude  of  the  vibration  sensitivity 
vector,  r,  of  3.3xl0'*®/g  at  a  vibration  frequency  of  600  Hz,  It 
also  appears  that  some  degree  of  vibration  isolation  at  the 
AQP  SAW  device  level  may  be  achieved  with  the  proper  choice 
of  material  used  to  mount  the  AQP  SAW  device  into  the  hybrid 
circuit  package. 

L  Introduction 

It  has  been  shown  both  theoretically  [l)-(3]  and 
experimentally  [4],  [6]  that  quartz  Surface  Acoustic  Wave 
(SAW)  devices  can  exhibit  acceleration  (vibration)  sensitivities 
well  below  1x10'^  fractional  change  in  frequency  per  g.  A 
uniformly  supported  SAW  device  on  a  rigid  surface,  as  shown 
in  Fig.  1(a),  is  theoretically  capable  of  exhibiting  an 
acceleration  sensitivity  in  the  low  10'*Vg  range  for  acceleration 
in  the  direction  normal  to  the  plane  of  the  SAW  substrate  [IJ. 
However,  the  arrangement  in  Pig.  1(a)  is  not  practical  in  many 
cases  since  the  anisotropic  thermal  expansion  of  quartz 
requires  that  the  uniform  support  be  provided  by  a  soft 
material  which  will  serve  to  relieve  thermally  induced 
stresses.  Unfortunately,  all  known  practical  soft  support 
materials  also  outgas  significant  amounts  of  material  that  will 
contaminate  the  exposed  surface  of  the  SAW  device  and  result 
in  excessive  long-term  frequency  drift.  Therefore,  this  is  not 
an  acceptable  approach  for  high  performance  oscillator 
applications  that  require  a  long-term  frequency  stabibty  in  the 
±1  ppm/year  range. 


A  better  approach  is  to  use  the  "All  Quartz  Package" 
(AQP)  [61,  as  shown  in  Pig.  1(b),  which  has  exhibited  excellent 
long-term  frequency  stability  [6].  Here,  the  active  SAW 
surface  is  safely  sealed  between  the  two  identical  pieces  of 
quartz  by  the  glass  frit.  Any  suitable  soft  material  can  be  used 
to  support  the  AQP  since  outgaasing  is  no  longer  a  problem.  In 
practice  it  has  been  found  that  a  lower  vibration  sensitivity 
can  be  obtained  if  the  AQP  is  mounted  uptide  down  [4],  as 
shown  in  Fig.  1(b).  This  has  been  explained  by  the  fact  that 
bending  stresses  for  two  perpendicular  in-plane  directions 
cause  opposite  frequency  shifts  for  vibration  normal  to  the 
plane  of  the  SAW  substrate  [2].  Theoretical  predictions 

PSN  >1.«28 


SAW  Device 


AQP  SAW  Device 


Figure  1.  (a)  Unpackaged  SAW  device  with  uniform  soft 
mounting  material  on  a  rigid  surface,  (b)  An 
AQP  SAW  device  mounted  upaide  down  with  a 
uniform  soft  motmting  material  on  a  rigid  surface. 
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indicate  that  values  for  fi  (acceleration  normal  to  the  plane  of 
the  SAW  substrate)  in  the  low  10'^*  fractional  change  in 
frequency  per  g  range  should  be  obtainable  for  a  proper  frit 
geometry  [2j.  For  acceleration  in  either  of  the  two  in-plane 
directions  (Y2  is  parallel  to  the  transducer  fingers  and  Y3  is 
parallel  to  the  direction  of  acoustic  propagation)  the  sensitivity 
should  also  be  in  the  low  lO-^Vg  range  [3],  Once  again,  a  rigid 
support  surface  is  assumed,  along  with  a  means  to  uniformly 
transmit  acceleration  forces  to  the  SAW  device.  Bending  will 
occur  in  the  support  structure  if  it  is  not  sufficiently  rigid,  and 
these  bending  forces  will  be  transmitted  to  the  SAW  device. 
This  will  increase  the  device’s  vibration  sensitivity  to  levels 
above  the  theoretically  predicted  values. 

Our  objective  was  not  only  to  develop  SAW  devices  with 
low  vibration  sensitivity,  but  also  to  demonstrate  high 
performance  SAW  oscillators  with  low  vibration  sensitivity. 
This  low  vibration  sensitivity  is  very  important  if  low  noise 
oscillators  are  to  operate  satisfactorily  in  high  vibration 
environments.  Our  approach  to  obtaining  low  vibration 
sensitivity  SAW  oscillators  was  to  lue  an  AQP  SAW  device  and 
hybrid  circuit  technology.  Tlie  small  size  end  the  available  flat 
surface  on  the  base  of  a  hybrid  circuit  package  makes 
obtaining  a  rigid  structure  much  easier.  Figure  2  shows  the 
basic  structure  of  our  low  vibration  sensitivity  hybrid  circuit 
SAW  oscillator.  In  this  paper  we  will  not  attempt  to  address 
the  topic  of  vibration  isolation  at  the  oscillator  level. 
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Adhesive 


Figure  2.  Cross-sectional  diagram  of  a  hybrid  circuit  AQP 
SAW  oscillator  with  low  vibration  sensitivity. 

The  oscillator  electronics  consist  of  conve  ntional  hybrid 
circuit  components  on  a  0.020  inch  (0.51  mm)  thick  alumina 
substrate  in  a  feedback  loop  oscillator  configuration  [7]. 
Careful  selection  and  mounting  of  the  electronic  circuit 
components  is  required  in  order  to  minimize  their  potential 
contributions  to  the  oscillator’s  overall  vibration  sensitivity. 
The  AQP  SAW  resonator  is  mounted  adjacent  to  the  oscillator 
circuitry  with  a  soil  adhesive  and  both  are  contained  in  a 
KOVAR  package.  Alumina  stiffeners  are  used  on  both  the  top 
and  bottom  of  the  KOVAR  package  in  order  to  prevent  low 
frequency  resonances  and  to  provide  a  sufficiently  rigid 
structure.  The  bottom  stiffener  is  much  thicker  than  the  top 
stiffener. 


The  results  of  measurements  on  more  than  thirty 
oscillators  in  the  700  MHz  to  1  GHz  range  cue  discussed  in  this 
paper.  More  detailed  oscillator  dimensions  will  be  given  as 
specific  ezamples  are  presented. 

IL  Measurement  Procedures 

Most  of  our  evaluations  have  been  performed  at  the 
oscillator  level  since  our  interest  was  in  low  vibration 
sensitivity  SAW  oscillators.  Furthermore,  SAW  devices  with 
relatively  low  group  delays  (less  than  two  microseconds)  are 
difficult  to  measure  at  the  device  level  since  flexing  of  the  RF 
cables  leading  up  to  the  shaker  table  causes  interfering  phase 
shifts.  It  has  proven  very  difficult  to  get  accurate  vibration 
sensitivity  data  in  the  low  10-^°/g  range  on  short  delay  devices 
with  measurements  performed  on  just  the  SAW  device.  In  an 
oscillator  circuit  the  cable  flexing  problem  is  significantly 
reduced  since  there  is  only  one  RF  cable  leading  from  the 
shaker  table  and  its  varying  impedance  can  be  isolated  from 
the  oscillator  loop  by  the  use  of  buffer  amplifiers  and  a  power 
divider  or  coupler.  Therefore,  even  when  our  primary  interest 
was  only  certain  aspects  of  the  AQP  SAW  device,  the 
measurements  were  generally  made  with  the  SAW  device 
mounted  in  a  hybrid  oscillator  circuit. 

All  measurements  of  vibration  sensitivity  were  made 
with  sinusoidal  acceleration  at  a  peak  level  of  about  3  gs  on  a 
small  shaker  table,  as  shown  in  Fig.  3.  The  configuration 
pictured  here  is  for  measuring  Yi  (vibration  sensitivity  normaj 
to  the  plane  of  the  SAW  substrate).  The  other  two  vibration 
sensitivity  components  are  measured  by  rotating  the  2.5  inch 
(6.35  cm)  aluminum  cube  on  which  the  oscillator  is  mounted. 
The  data  collection  system  is  computer  controlled  and 
automatically  makes  measurements  at  261  vibration 
frequencies  from  50  Hz  to  7  kHz.  The  vibration  induced  FM 
sideband  level  is  measured  with  custom  software  on  a  Hewlett- 
Packard  3047A  Phase  Noise  Measurement  System  using  a 
500  nsec  coaxial  cable  delay  line  as  part  of  a  discriminator 
circuit.  Though  the  discriminator  technique  is  not  the  most 
sensitive  phase  noise  measurement  system,  it  does  require 
only  one  oscillator  and  was  more  than  adequate  for  this 
purpose.  The  system  is  capable  of  measuring  vibration 
sensitivities  as  low  as  IxlO'*®  per  g  at  50  Hz  and  the  system 
floor  gradually  drops  to  about  3x10'^^  perg  at  7  kHz.  A  small 
accelerometer  is  located  next  to  the  oscillator  and  its  output  is 
passed  through  a  signal  conditioning  amplifier  and  measured 
by  a  digital  voltmeter.  The  Hewlett-Packard  3582A  Spectrum 
Analyzer  in  the  3047A  Phase  Noise  Measurement  System  is 
capable  of  making  relative  phase  measurements  and  this 
feature  is  also  used  to  provide  relative  phase  data  between  the 
output  of  the  accelerometer  and  the  output  of  the  FM 
discriminator.  This  phase  data  is  very  useful  for  evaluating 
phase  lag  between  the  SAW  device  and  the  motion  of  the 
shaker  table.  Figure  4  shows  a  block  diagram  of  the 
measurement  system. 


Figure  3.  Hybrid  circuit  AQP  3AW  oscillator  with  alumina 
stiffener  mounted  on  the  shaker  table.  The 
aluminum  cube  permits  vibration  sensitivity 
measurements  for  three  mutually  perpendicular 
axes. 


the  alumina  stiffener  is  supported  only  under  its  four  comers 
as  it  sits  on  the  cube  shown  in  Fig.  3,  and  is  therefore  free  to 
flex  in  the  middle.  A  curve  for  uniform  support  under  the 
entire  stiffener  is  also  shown  for  comparison.  The  four  corner 
mount  simulates  one  of  the  least  rigid  mounting  geometries 
that  might  be  encountered  in  actual  use,  whereas  uniform 
support  on  the  aluminum  cube  represents  the  most  rigid 
mount  available.  These  measurements  were  made  on  a  2.0  x 
2.0  inch  (6.1  x  5.1  cm)  square  hybrid  circuit  SAW  oscillator 
operating  at  700  MHz.  No  cover  was  used  on  the  hybrid 
circuit.  The  measurements  shown  in  Fig.  6  were  made  before 
the  automated  measurement  system  was  available  so  there  are 
only  approximately  22  data  points  in  each  curve. 
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Figure  4.  Block  diagram  of  system  used  to  measure  the 
AQP  SAW  oscillators'  vibration  sensitivities. 


m.  Mechanical  Design  of  the  SAW  Oscillator 

The  need  for  a  stiffener  underneath  the  hybrid  circuit 
package  is  illustrated  by  the  data  in  Fig.  6.  Here  the  value  for 
Yt  (vibration  in  a  direction  normal  to  the  plane  of  the  SAW 
substrate)  is  plotted  as  a  function  of  vibration  frequency  for 
three  different  stiffener  thicknesses.  In  these  measurements 


Figure  6.  Measured  values  of  Yi  as  a  function  of  vibration 
frequency  for  three  different  stiffener  thicknesses 
using  a  four  corner  mount.  Data  for  a  uniform 
mount  is  also  shown. 

The  upper  curve  (t«0.0  inches)  was  made  with  no 
alumina  stiffener  and  a  resonance  in  the  0.06  inch  (1.5  mm) 
thick  bottom  of  the  KOVAR  package  is  clearly  seen  at  3.1  kHz. 
At  the  resonant  frequency  the  vibration  sensitivity  peaks  near 
1x10  *  perg.  Also  note  that  the  value  of  Yi  is  increasing  with 
vibration  frequency  for  vibration  frequencies  well  below  the 
resonance  frequency.  With  a  0.124  inch  (3.16  mm)  thick 
alumina  stiffener  the  overall  vibration  sensitivity  is 
significantly  reduced  and  the  resonance  frequency  is  pushed 
up  to  almost  7  kHz.  The  vibration  sensitivity  at  the  peak  of 
the  resonance  is  now  only  slightly  greater  than  1x10  ®  perg. 
For  t=  0.336  inches  (8.53  mm)  the  resonance  is  no  longer 
visible  and  the  overall  sensitivity  is  now  well  below  IxlO  ^/g. 
The  curve  for  uniform  support  shows  that  this  oscillator  is 
capable  of  lxl0  *®/g  under  ideal  conditions. 

Figure  6  shows  a  plot  of  Yi  at  a  vibration  frequency  of 
1  kHz  for  the  oscillator  in  Fig.  6  for  five  different  stiffener 
thicknesses,  and  for  the  uniform  support  (the  data  point 
located  at  2  inches).  The  improvement  with  increased  stiffener 
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thickneos  is  quite  dramatic,  and  the  vibration  sensitivity  has 
nearly  reached  its  minimum  value  for  a  stifTener  thickness 
of  0.448  inches  i  1.14  cm).  Alumina  is  a  very  good  choice  for  the 
stiffener  material  since  it  is  significantly  stifTer  than  KOVAR, 
yet  is  a  good  match  to  KOVAR  in  thermal  expansion.  The 
latter  attribute  is  important  because  it  makes  fastening  the 
alumina  to  the  KOVAR  package  a  relatively  simple  task. 
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such  as  epoxies  or  thermoplastics  can  be  used  to  attach  the 
alumina  stiffeners  to  the  KOVAR  package.  The  SAW 
resonator  is  contained  in  a  0.40  inch  1 1.0  cm)  by  0.60  inch 
<1.27  cm)  AQP  of  0.072  inch  '1.83  mm)  thickness  which  is 
mounted  upaide  down  directly  on  the  'o..ae  of  the  KOVAR 
package.  In  most  cases  the  AQP  SAW  device  was  fastened  to 
the  hybrid  circuit  package  with  a  .010  inch  (0.25  mm)  thick 
piece  of  an  acrylic  sheet  adhesive  manufactured  by  3M 
Company.  The  sheet  adhesive  is  intended  to  provided  a 
uniform,  but  pliable  support  under  the  AQP  SAW  device. 


Figure  6.  Measured  values  of  "yj  at  1.0  kHz  vibration 
frequency  as  a  function  of  stiffener  thickness. 
Uniform  support  is  represented  by  the  data  point 
at  2.0  inches. 

The  deflection  at  the  center  of  the  square  stiffener  due  to 
its  own  mass  under  acceleration  is  approximately  proportional 
to  the  length  of  a  side  to  the  fourth  power  and  inversely 
proportional  to  the  thickness  squared.  The  data  in  Fig.  6  does 
not  decrease  quite  as  fast  as  1/t*,  but  the  vibration  sensitivity 
does  depend  strongly  on  the  stiffener  thickness.  Also,  the 
fourth  power  dependence  on  the  length  or  width  of  the  stiffener 
means  that  a  smaller  hybrid  circuit  package  can  use  a 
significantly  thinner  stiffener  for  a  given  vibration  sensitivity 
level,  whereas  a  larger  hybrid  circuit  package  would  require  a 
thicker  stiffener. 

The  oscillator  package  design  used  for  most  of  the 
measurements  that  will  be  discussed  in  this  paper  is  shown  in 
Fig.  7.  The  KOVAR  package  is  1.22  inches  (3.10  cm)  square 
and  has  a  wall  thickness  of  0.06  inches  (1.52  mm).  The  base  of 
the  package  is  0.075  inches  (1.91  mm)  thick  and  the  overall 
height  is  0.273  inches  (6.93  mm).  A  field  replaceable  SMA 
connector  is  mounted  on  one  side  on  a  0.080  inch  (2.0  mm) 
thick  boss-out.  The  package  can  be  hermetically  sealed  with  a 
welded  KOVAR  cover  of  0.020  inch  (0.61  mm)  thickness.  The 
KOVAR  package  is  mounted  on  a  0.30  inch  (7.6  mm)  thick 
alumina  stiffener  and  a  0.016  inch  (0.38  mm)  thick  alumina 
stiffener  is  used  on  the  cover.  This  package  and  the  two 
alumina  stiffeners  were  shown  in  Fig.  3.  Standard  adhesives 


Figure  7.  Photograph  of  the  1.22  inch  square  hybrid  circuit 
AQP  SAW  oscillator  used  for  most  of  the  vibration 
sensitivity  measurements. 

IV.  Measurement  Results 

Figure  8  shows  the  results  cf  a  typical  measurement  of  Yi 
versus  vibration  frequency  for  the  1.22  inch  (3.10  cm)  square 
oscillator  with  a  uniform  mount  under  the  stiffener.  The  AQP 
SAW  was  mounted  with  a  uniform  layer  of  acrylic  sheet 
adhesive.  The  peak  near  6  kHz  is  caused  by  a  cover  resonance. 
With  no  cover  stiffener  this  resonance  drops  to  about  2.6  kHz, 
and  with  a  .026  inch  (0.64  mm)  thick  alumina  rover  stiffener  it 
is  above  7  kHz.  The  smeller  peak  near  3  kHz  is  from  a 
resonance  caused  by  the  RF  connector.  At  low  vibration 
frequencies  cable  flexing  can  cause  interference  and  this  is  at 
least  partially  responsible  for  the  ragged  nature  of  the  data 
below  about  200  Hz.  The  overall  vibration  sensitivity  level  is 
in  the  mid  to  low  lO-’^/g  range,  but  there  is  a  significant 
decrease  in  the  value  of  Yj  with  increasing  vibration  frequency. 
The  reason  for  this  tilt  is  discussed  below. 

Figure  9  shows  the  vibration  sensitivity  for  all  three  axes 
for  the  same  device  as  in  Fig.  8.  The  magnitude  of  the 
vibration  sensitivity  vector,  T,  is  also  shown  as  the  solid  curve 
in  Pig.  9.  In  general  Yi  is  the  largest  component,  with  Y2  and  Ys 
usually  falling  in  the  low  10-’®  to  upper  10-"/g  range. 


Figure  8.  Typical  plot  of  yj  versus  vibration  frequency  for 
the  1.22  inch  square  hybrid  circuit  AQP  SAW 
oscillator  with  uniform  mount.  The  AQP  SAW 
device  was  uniformly  supported  with  acrylic  sheet 
adhesive. 


Figure  10.  Relative  phase  shift  between  Yi  end  the  output  of 
the  accelerometer  mounted  on  the  shaker  table,  as 
a  function  of  vibration  frequency,  for  the  same 
oscillator  as  used  in  Figs.  8  and  9. 
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Figxire  9.  Vibration  sensitivity  for  all  three  axes  (yj,  y2,  and 
y3),  and  the  magnitude  of  the  vibration  sensitivity 
vector,  r,  for  the  same  oscillator  as  was  used  in 
Fig.  8. 


Figure  10  shows  the  relative  phase  shift  between  the 
discriminator  output  and  the  output  of  the  accelerometer  as  a 
function  of  vibration  frequency  for  the  yj  measurement  on  the 
same  device  used  in  Figs.  8  and  9.  If  the  SAW  device  were 
moving  in  unison  with  the  shaker  table,  one  would  expect  the 
phase  shift  to  be  either  0  or  180°,  depending  on  whether  the 
resonator  frequency  shifts  up  or  down  for  a  given  stress 
pattern.  However,  it  is  clear  from  the  data  in  Fig.  10  that 
there  is  a  significant  deviation  from  180°.  The  rapid  phase 
shifts  near  3  and  6  kHz  are  caused  by  the  resonances 
mentioned  earlier,  but  the  general  decrease  in  phase  from 
about  160°  to  approximately  110°  was  a  puzzle  at  first. 
However,  the  data  in  Figs.  11  and  12  has  helped  to  clarify  the 
situation. 


Figure  11  shows  y|  versus  vibration  frequency  for  a 
1.22  inch  square  hybrid  circuit  AQP  SAW  oscillator  similar  t-' 
the  one  used  to  generate  the  data  in  Figs.  8,  9,  and  10.  This 
oscillator  was  uniformly  supported  on  the  aluminum  cube  in 
the  same  fashion  as  the  other  oscillator,  but  the  AQP  SAW 
device  was  mounted  in  the  KOVAR  package  with  a  uniform 
layer  of  silicone  rubber  rather  than  the  acrylic  sheet  adhesive. 
Figure  12  shows  the  relative  phase  for  y,.  Two  characteristics 
of  the  data  shown  in  Figs.  11  and  12  are  very  different  from 
that  shown  in  Figs.  8  and  10.  In  Fig.  11  the  value  of  y,  is 
essentially  independent  of  vibration  frequency,  although  the 
cover  resonance  is  still  present,  and  a  very  small  RF  connector 
resonance  is  also  visible  around  2  kHz.  The  raggedness  at  low 
frequencies  is  also  evident  due  to  the  cable  flexing,  but  the 
overall  downward  tilt  of  Fig.  8  is  not  present.  In  Fig.  12  the 
phase  is  now  almost  exactly  180°,  except  in  the  vicinity  of  the 
resonances  and  at  frequencies  above  about  3  kHz.  (The  latter 
is  caused  by  a  phase  distortion  in  the  FM  measurement 
system.)  The  tilt  and  phase  shifts  evident  in  Figs.  8  and  10, 
respectively,  are  clearly  dependent  on  the  material  used  to 
mount  the  SAW  device. 

Our  preliminary  interpretation  of  the  data  in  Figs.  8  and 
10,  in  comparison  to  the  data  in  Figs.  11  and  12,  is  that  the 
SAW  device  mounted  on  the  acrylic  sheet  adhesive  (which  is 
very  soft  and  pliable)  exhibits  a  highly  damped  mechanical 
resonance.  The  tilt  in  the  vibration  sensitivity  and  the 
decrease  in  phase  that  are  evident  in  Figs.  8  and  10  appear  to 
result  from  the  onset  of  a  significant  level  of  vibration  isolation 
caused  by  the  damped  resonance  of  the  mass  of  the  SAW 
device  on  the  soft  adhesive.  This  phenomena  is  not  evident  in 
Figs.  11  and  12  because  the  silicone  rubber  is  harder  and  less 
lossy  than  the  acrylic  adhesive.  Thus,  the  silicone  rubber 
provides  no  isolation  between  the  SAW  device  and  the  KOVAR 
package.  The  somewhat  higher  value  of  y,  in  Fig.  11,  as 
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compared  to  that  in  Fig  S  (even  at  the  lowest  frequency),  may 
be  at  least  partially  due  to  the  fact  that  the  silicone  rubber  was 
not  uniformly  distributed  under  the  entire  SAW  device,  and 
that  a  small  area  in  one  corner  was  not  supported.  An 
investigation  of  different  mounting  materials  is  currently 
underway  in  an  attempt  to  better  understand  their  influence 
on  AQP  SAW  device  vibration  sensitivity. 
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Figure  11.  Vibration  sensitivity,  Yi.  versus  vibration 
frequency  for  an  oscillator  with  a  uniform  mount, 
but  in  which  the  AQP  SAW  device  was  uniformly 
supported  with  siiicono  rubber. 


Figure  12.  Relative  phase  shift  between  Yj  and  the  output  of 
the  accelerometer  mounted  on  the  shaker  table  as 
a  function  of  vibration  frequency,  for  the  same 
oscillator  as  used  in  Fig.  11. 

Table  I  summarizes  the  measured  vibration  sensitivities 
obtained  from  twenty-six  hybrid  circuit  SAW  oscillators.  All 
were  in  1.22  inch  square  KOVAR  packages  and  the  AQP  SAW 
resonators  were  all  mounted  with  the  .010  inch  thick  acrylic 
sheet  adhesive.  The  average  value  for  the  magnitude  of  the 
vibration  sensitivity  vector,  T,  at  a  vibration  frequency  of  600 


Hz  was  S.SxlO'***  fractional  change  in  frequency  perg.  The 
standard  deviation  was  l.ixlO'l”  perg,  with  maximum  and 
minimum  values  of  6.2x10  *®  per  g  and  1.2il0  ‘®  per  g, 
respectively.  About  75%  of  the  oscillators  exhibited  a  vibration 
sensitivity  with  a  downward  tilt  similar  to  that  present  in  Fig. 
9.  Therefore,  the  average  value  of  T  at  vibration  frequencies 
below  500  Hz  is  somewhat  higher  than  3.3xl0''®/g,  and 
somewhat  lower  for  vibration  frequencies  above  600  Hz.  All  of 
these  oscillators  were  mounted  with  uniform  support  on  the 
aluminum  cube,  and  therefore  the  measured  vibration 
sensitivities  represent  the  best  achievable  values.  At  this  time 
it  is  not  yet  clear  whether  the  observed  oscillator-to-oscillator 
variation  in  vibration  sensitivity  orginates  in  the  AQP  SAW, 
the  acrylic  adhesive  mount,  the  oscillator  electronics  and 
housing,  or  possibly  some  combination  of  all  of  the  above. 
However,  remounting  entire  oscillators  on  the  ceramic  end  on 
the  aluminum  cube  has  shown  good  reproducibility.  The 
adhesives  used  to  mount  the  KOVAR  package  to  the  ceramic 
stiffener  and  the  stiffener  to  the  aluminum  cube  are  relatively 
hard  materials  and  no  evidence  of  resonances  has  been 
observed  in  these  mounts. 

TABLE  I 

Summary  of  Measurement  Results 

•  Twenty-six  Hybrid  Circuit  SAW  Oscillators  Tested 

•  AQP  SAW  Mounted  with  0.010  inch  thick  Acrylic  Sheet 
Adhesive 

•  Uniform  Support  under  Oscillator  Package 

e  Average  P  (at  600  IIz)  »  3  3xl0'*®/g 

•  Standard  Deviation  »  1.4xl0'*''/g 

e  Maximum  T  =  6.2x10- *®/g 

•  Minimum  F  «  1.2xl0-*®/g 

In  order  to  determine  how  much  degradation  in  vibration 
sensitivity  would  occur  in  a  less  than  ideal  mounting  situation, 
four  1.22  inch  square  oscillators  were  measured  with  a  four 
comer  mount  on  the  aluminum  cube  rather  than  the  uniform 
mount.  The  two  mounting  configurations  are  illustrated  in 
Figs.  13(a)  and  13(b).  The  0.30  inch  (7.6  mm)  thick  alumina 
stiffener  was  used  under  the  KOVAR  package.  Figure  14 
shows  Yi  for  both  the  uniform  mount  (light  line)  and  the  four 
comer  mount  (heavy  line)  for  one  of  these  oscillators.  There  is 
clearly  some  degradation  with  the  four  comer  mount,  but  Yi  is 
still  in  the  low  10  *®/g  range.  Measurements  on  the  other 
oscillators  gave  similar  results,  indicating  that  the  four  comer 
mount  causes  Yi  to  increase  by  roughly  a  factor  of  two.  This 
increase  is  most  pronounced  at  higher  vibration  frequencies. 
Measurements  of  Y2  and  Y3  have  not  as  yet  been  made  with  a 
four  comer  mount. 
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Figure  13.  Croee-sectional  diagrams  of  oscillators 
with:  (a)  uniform  mount,  and  (b)  four  corner 
mount. 
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Figure  14.  Comparison  of  Yj  versus  vibration  frequency  for  an 
oscillator  with  either  uniform  mount  or  four 
comer  mount. 


It  has  been  shown  in  the  literature  that  the  vibration 
sensitivities  of  both  SAW  and  BAW  (bulk  acoustic  wave! 
oscillators  can  exhibit  a  dependence  on  the  oscillator 
frequency,  if  the  operating  frequency  of  the  oscillator  is 
adjusted  relative  to  the  frequency  of  the  quartz  resonator  |8J 
To  determine  if  this  was  occurring  in  our  devices,  the 
operating  frequency  of  several  oscillators  was  varied  by 
changing  the  phase  shift  inside  the  oscillator  loop.  Figure  15 
shows  Y|  (at  a  vibration  frequency  of  1  kHz)  as  a  function  of 
oscillator  frequency  for  one  of  the  oscillators.  The  oscillator 
frequency  was  varied  over  the  entire  1  dB  bandwidth  of  the 
SAW  resonator  and  it  is  clear  that  there  is  no  significant 
dependence  on  oscillator  frequency.  Similar  data  at  other 
vibration  frequencies  and  on  other  oscillators  gave  the  same 
results. 
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Figure  15.  Vibration  sensitivity,  Yi.  versus  oscillator 
frequency.  The  oscillator  frequency  was  varied  by 
adjusting  the  phase  shifter  in  the  feedback  loop. 

Finally,  a  promising  direction  for  future  development  is 
the  use  of  smaller  AQP  SAW  devices.  Figure  16  shows  a 
comparison  between  the  standard  0.4  inch  (1.02  cm)  by 
0.5  inch  (1.27  cm)  AQP  used  for  most  of  the  SAW  oscillators 
discussed  so  for  and  a  new  smaller  AQP  of  0.16  inch  (4.1  mm) 
by  0.33  inch  (8.5  mm)  which  contains  the  same  SAW  resonator 
design  as  the  larger  AQP.  Both  packages  have  the  same 
overall  thickness  of  0.072  inches  (1.8  mm).  Figure  17  shows 
the  magnitude  of  the  vibration  sensitivity  vector,  F,  versus 
vibration  frequency  for  on  oscillator  using  one  of  these  devices. 
Except  for  coble  flexing  problems  at  low  vibration  frequencies, 
the  vibration  sensitivity  of  this  device  is  essentially  at  the 
lxl0  *®/g  level.  Similar  results  have  been  obtained  several 
times,  indicating  that  a  factor  of  two  to  three  improvement 
over  the  current  results  with  the  larger  AQP  may  be  possible. 
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Figure  16.  Photograph  showing  size  comparison  between  a 
standard  AQP  SAW  resonator  device  €ind  the  new 
smaller  AQP  SAW  device. 
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nonuniformities  in  the  material  used  to  support  the  AQP.  as 
well  as  other  unidentified  sources  of  vibration  sensitive  phase 
shills  in  the  oscillator  circuitry.  Methods  to  achieve  improved 
device  performance  continue  to  be  investigated,  including  the 
use  of  smaller  AQPs  and  more  suitable  mounting  materials. 

In  addition  to  achieving  further  reductions  in  the 
vibration  sensitivity  of  SAW  oscillators,  other  characteristics 
such  as  size,  weight,  producibility  and  long-term  frequency 
stability  must  also  be  considered.  Intentionally  nonuniform 
supports  for  the  AQP  can  yield  low  vibration  sensitivities  and 
may  even  improve  reproducibility.  Also,  optimizing 
nonuniform  supports  for  the  entire  oscillator  may  permit  a 
reduced  thickness  for  the  alumina  stiffener.  Furthermore,  it 
may  be  possible  to  reduce  the  overall  size  of  the  stiffened 
oscillator  by  perfecting  a  balance  between  a  stiffened  oscillator 
package  and  a  more  rigid  AQP.  Even  with  all  of  the 
requirements  for  low  vibration  sensitivity,  it  is  still  necessary 
that  all  of  the  materials  and  components  be  compatible  with 
good  long-term  frequency  stability.  For  the  material  under  the 
AQP  it  is  particularly  important  that  it  not  cause  slowly 
changing  static  stresses  on  the  SAW  device.  In  some 
circumstances  this  has  been  a  problem  with  the  acrylic  sheet 
adhesive,  and  aging  studies  are  currently  underway.  The 
process  of  obtaining  high  performance  hybrid  circuit  AQP  SAW 
oscillators  with  the  lowest  possible  vibration  sensitivity  has 
proven  to  be  very  complex,  and  it  is  now  increasingly  clear  that 
the  investigation  has  just  begun. 
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ABSTRACT 

A  Ku-Band  synthesizer  is  described  which  incorporates 
both  direct  and  indirect  techniques  to  generate  exception¬ 
ally  pure  signals  with  low  phase  jitter  and  spurious  con¬ 
tent.  Fast  switching  speed  and  phase  noise  of  -120  dBc/Hz 
from  10  kHz  to  40  MHz  is  obtained.  The  radar  operates  in 
a  fighter  aircraft  environment  that  has  a  high  level  of 
random  vibration  and  static  G  loading,  and  the 
mechanical  design  incorporates  vibration  isolation 
techniques.  The  master  oscillator,  from  which  the  various 
fixed  and  sleppable  frequency  outputs  are  derived,  uses  a 
low  G  sensitivity  SC  cut  crystal.  Ku-Band  phase  noise 
performance  data  is  presented  and  the  correlation  between 
anticipated  and  measured  performance  is  discussed. 


PERFORMANCE  CHARACTERISTICS 

The  synthesizer  design  emphasizes  low  phase  noise  per¬ 
formance  over  severe  environmental  conditions  while 
maintaining  elecu^'cal  characteristics  which  are  compati¬ 
ble  with  high  resolution  airborne  multi-mode  radar  mis¬ 
sions.  The  performance  requirements  are  below: 

•  Outputs 

-  Agile  Ku-Band,  Fixed  L-Band,  and  Fixed  VHF 

•  Tuning  Range 

-  750  MHz 

•  Step  Size 

-1  MHz  or  50  MHz 

•  Switching  Speed 

-  1  Microsecond 

•  Warmup 

-  2  Minutes  to  ±1PPM  Accuracy 

•  Spurious  Signals 
--60dBc 


•  Ku-Band  Phase  Noise  During  Vibration 
--120  dBc/Hz  at  30  kHz 

-  -60  dBc/Hz  at  100  Hz 

•  Temperature  Range 

-  -55*C  to  -1-75‘C 

The  major  design  features  of  the  synthesizer  are: 

•  Direct  Synthesis 

-  High  Speed 

•  Dual  Conversion 

-  Low  Spurious  Signals 

•  Hybrid  RF  Subassemblies 

-  Small  Size,  Low  Weight 

•  Thick  Film  Hybridized  Oscillator 

-  Fast  Warmup,  Low  Power 

•  Low  Aging  SAW  VCO 

-  High  Stability  FA  Mode 

The  synthesizer  reference  source  is  an  ovenized  Butler 
oscillator,  using  an  SC  cut  crystal.  The  oscillator/buffer 
amplifier  and  oven  controllers  are  hybridized  in  order  to 
minimize  size  and  weight.  The  master  oscillator  is  sus¬ 
pended  in  a  mechanical  isolation  structure  which  attenu¬ 
ates  low  frequency  vibration  inputs  while  encountering  6 
G  static  loads  in  any  axis. 

Direct  synthesis  is  used  to  enhance  speed  and  minimize 
system  phase  noise.  A  high  degree  of  filtering  is  used 
within  the  synthesizer  to  keep  the  spurious  signals  at  ex- 
U'emely  low  levels.  VHF  crystal  filters,  as  well  as  helical 
filters  at  UHF  frequencies,  and  cavity  devices  at  Ku-Band 
are  incorporated. 

The  size  and  weight  of  the  synthesizer  is  minimized 
through  the  use  of  thick  and  thin  film  hybrid  components 
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and  the  use  of  integrated  subassemblies  to  a  maximum 
extent.  The  various  functions  are  grouped  and  packaged 
in  separate  mechanical  chassis  to  facilitate  maintenance 
and  reduce  crosstalk. 

El.FCTRrCAL  DF.SIfiN 

Figure  1  is  a  Block  Diagram  of  the  Ku-Band  Synthesizer. 
The  master  oscillator  synthesizes  a  Ku-Band  output  using 
dual  upconversion  with  internal  signals  derived  from 
comb  generators  and  switchable  filter  banks.  The  second 
mixer  is  fed  from  either  a  coherent  fixed  frequency  signal 
or  a  multiplied  SAW  VCO  output  to  provide  fine  fre¬ 
quency  tuning  steps.  The  vibration  isolated  master  oscil¬ 
lator  subassembly  consists  of  the  hybridized  OCXO,  x3 
multiplier,  and  crystal  filter.  The  OCXO  direct  output 
drives  a  comb  generator  whose  multiples  from  18  to  23 
are  fed  to  a  six  channel  switchable  filter  bank  with  spac- 
ings  of  approximately  50  MHz.  Six-pole  helical  filters 
and  high  isolation  pin  diode  switches  ensure  that  adjacent 
comb  lines  are  attenuated  by  75  dB.  The  x3  output  from 
the  master  oscillator  is  crystal  filtered  so  that  the  VHF 
output  has  a  noise  floor  of  -170  dBc/Hz.  This  signal  is 
doubled,  filtered,  and  fed  to  a  step  recovery  diode  comb 
generator,  whose  sixth  through  tenth  harmonics  are 
selected.  The  spacing  of  these  lines  is  six  times  the 
OCXO  frequency.  This  filter  bank  uses  four-pole  cavity 
filters  to  provide  three  switchable  LO's  from  the  eighth 
through  tenth  harmonic.  The  sixth  harmonic  is  used  for 
STALO  2  and  the  seventh  feeds  the  second  LO  x5  multi¬ 
plier  via  a  1  X  2  diode  switch,  A  third  switchable  filter 
bank  consisting  of  three  filters,  each  covering  approxi¬ 
mately  250  MHz,  selects  the  appropriate  first  mixer  out¬ 
put  while  rejecting  the  LO  and  lower  sidebands.  The  sev¬ 
enth  harmonic  output  from  the  filter  bank  is  multiplied  by 
five  to  generate  the  fixed  local  oscillator  signal  for  the 
second  mixer.  The  second  LO  can  also  be  obtained  from  a 
multiplied  digitally  controlled  SAW  VCO.  In  this  fre¬ 
quency  agile  mode,  the  synthesizer  Ku-Band  ouqjut  is 
non-coherent  since  the  10  GHz  second  LO  is  derived 
from  the  SAW,  which  is  not  locked  to  the  master  oscilla¬ 
tor.  The  VCO  is  tuned  in  thirty  incremental  steps  of  25 
kHz  yielding  channels  with  1  MHz  spacings  covering  ±15 
MHz  at  the  system  output.  The  SAW  and  x4  multiplier 
are  mounted  on  a  temperature  controlled  thermal  plate, 
and  a  D  to  A  converter  and  PROM  select  the  appropriate 
frequency.  The  second  mixer  output  is  filtered  with  a 
seven-pole  cavity  filter  and  amplified  to  +20  dBm  with  a 
GaAs  FET  amplifier. 

VIBRATION  CONSIDERATIONS 


following  measures  are  taken  to  ensure  that  this  goal  is 
met. 


-  The  vibratory  phase  noise  performance  must  be  deter¬ 
mined  only  by  the  isolated  master  oscillator  assembly 
whose  characteristics  are  predictable  and  measurable. 
Consequently,  the  mechanical  resonance  and  vibration 
susceptibility  of  the  various  circuit  elements  which 
cause  random  phase  modulations  must  be  reduced  to 
levels  which  are  below  the  multiplier  enhanced  master 
oscillator  noise  at  that  point  in  the  system.  This  is  ac¬ 
complished  by  encapsulating  critical  circuits  and  using 
thick  and  thin  film  RF  assemblies  whose  resonances 
are  well  above  the  vibration  frequencies. 

-  The  crystal  oscillator  is  mounted  on  a  thrce-axis  spring 
dampened  vibration  isolator,  shown  in  Figure  2,  which 
reduces  G  levels  at  mission  critical  offset  frequencies 
above  500  Hz.  The  anti-vibration  mount  design  em¬ 
ploys  a  system  of  looped,  stainless  steel,  multi-strand 
cables  to  achieve  a  high  level  of  isolation  within  a 
small  space.  Each  end  of  the  oscillator  package  is  sup¬ 
ported  by  a  pair  of  flexed  cable  loops  and  a  pair  of 
cantilevered  cable  posts.  Isolation  is  achieved  in  three 
mutually  perpendicular  axes  either  by  flexure  of  the 
cable  loops  or  by  deflection  of  the  cantilever  posts.  The 
isolator  acts  as  a  second  order  low  pass  mechanical 
filter  with  a  roll-off  of  10  to  15  dB  per  octave. 

-  An  SC-cut  crystal  with  G-sensitivity  of  less  than  2.5  x 
10'’°/G  in  the  worst  axis  is  used  in  the  oscillator. 


Since  the  phase  noise  under  vibration  is  directly  propor¬ 
tional  to  the  crystal  G  sensitivity,  every  crystal  manufac¬ 
tured  for  use  in  the  synthesizer  is  subjected  to  a  sine  vib¬ 
ration  sweep  in  the  3  orthogonal  axes  to  characterize  the 
devices.  In  the  operational  environment,  the  worst  vibra¬ 
tion  is  encountered  in  the  aircraft  vertical  axis  and  conse¬ 
quently,  the  best  crystal  axis  from  the  standpoint  of 
minimum  vibration  sensitivity  is  aligned  with  this  axis. 
This  is  done  within  the  oscillator  assembly  during  the 
alignment  procedure.  Each  completed  oscillator  is  again 
characterized  for  both  sine  and  random  vibration  spectra 
rcspxinse  after  alignment  is  completed.  This  hard  mounted 
test  of  the  oscillator  ensures  that  no  internal  resonances 
exist  and  phase  noise  contributions  due  to  factors  besides 
the  crystal  are  negligible. 


The  single  sideband  phase  noise  is  related  to  frequency 
deviation  Af  and  modulation  frequency  f^,  by: 


L(0  =  20  log 


'  Af 


1  dBc/Hz 


(1) 


The  electrical  and  mechanical  design  of  the  synthesizer  is 
optimized  for  low  vibration  induced  phase  noise.  The 
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In  ihe  presence  of  random  vibration  y  (in  g^/Hz) 
M=  'TJy  X  (q  X  S 


Where  fo  is  oscillator  frequency  and  S  is  oscillator  vibra¬ 
tion  sensitivity  in  parts  per  G. 


Thus,  L(0  =  20  log 


'JlyxfgxS 


2f„ 


dBc/Hz  (2) 


static  L(0  and  equation  (2)  plotted  for  S  =  3  x  10  *°/G.  It 
is  seen  that  for  axis  X  and  Y,  the  noise  is  signiHcantly  less 
than  the  predicted  value  since  the  actual  value  of  S  is  less 
in  these  axes.  The  Z-axis  phase  noise  of  Figure  7  clearly 
shows  the  mount  resonance  at  120  Hz  and  the  rolloff  at 
higher  frequencies.  The  static  and  dynamic  curves 
coincide  above  2  kHz  indicating  that  vibration  induced 
phase  modulations  are  below  the  static  levels  at  higher 
offsets,  and  that  mechanical  package  resonances,  which 
often  generate  harmonic  noise,  have  little  effect. 


In  the  synthesizer,  vibration  induced  oscillator  phase 
noise  is  enhanced  by  50  dB  when  translating  from  the 
OCXO  output  to  14  GHz.  Since  L(f)  during  vibration  is 
determined  only  by  S  of  the  crystal,  a  resonator  selected 
for  good  static  phase  noise  is  not  necessarily  the  best  for  a 
specific  application  where  the  vibration  induced  compo¬ 
nent  is  significant. 

Figure  3  is  the  random  vibration  profile  which  is  applied 
to  the  synthesizer.  A  0.016  g^/Hz  peak  occurs  at  11  Hz 
with  energy  present  up  to  2  kHz. 

Five  crystals  were  selected  for  use  in  synthesizer  master 
oscillators.  The  G  sensitivity  of  each  is  itemized  in  Table 
1  for  each  axis.  The  Y  axis  is  perpendicular  to  the  plane 
of  the  quartz  resonator.  The  Z  axis  is  parallel  to  the  sur¬ 
face  and  runs  through  the  active  electrodes. 

In  order  to  evaluate  a  worst  case  scenario,  crystal  number 
4  was  used  in  the  synthesizer  for  which  data  is  presented. 


Based  upon  the  described  measurements  the  following 
conclusions  are  drawn: 


X 

6m 

Y 

z 

•  MEASURED  L(0  AT  20  Uz 

-54 

-50 

-41 

-dBc/Uz 

•CALCULATED  CRYSTAL  S 

0.57 

0.90 

2.55 

-PARTS  PER  10->o 

•  MEASURED  CRYSTAL  S 

0.90 

1.13 

2.25 

-PARTS  PER  lO-io 

•  MOUNT  RESONANCE  -  Hz 

75 

120 

120 

•MOUNT  ROLL-OFF 

9 

14 

10 

-dB/OCTAVE 


TABLE  1.  CRYSTAL  G-SENSITIVITY  xlO'lO/G 


UNIT  NO. 

X-AXIS 

Y-AXIS 

Z-AXIS 

RSS 

1 

1.27 

1.13 

1.42 

2.21 

2 

0.57 

0.45 

0.46 

0.85 

3 

1.00 

0.47 

0.47 

1.18 

4 

0.90 

1.13 

2.25 

2.67 

5 

1.43 

1.79 

0.23 

2.30 

PERFORMANCE  DURING  VIBRATION 


The  values  of  S  are  calculated  from  equation  (2)  using  the 
measured  L(0  values  at  20  Hz  and  Y=  0.016  g^/Hz.  Con¬ 
sidering  that  the  phase  noise  with  a  flat  random  vibration 
input  would  decrease  at  6  dB  per  octave,  a  rough  calcula¬ 
tion  of  the  mount  attenuation  can  be  made  by  noting  the 
roll-off  between  150  and  300  Hz  and  subtracting  6  dB 
from  this  value. 

Roll-off  is  seen  to  be  in  the  9  to  14  dB  per  octave  range, 
which  is  within  the  expected  range  for  the  vibration  iso¬ 
lator  used  in  the  synthesizer.  Excellent  correlation  is  seen 
between  the  values  of  S  measured  on  the  crystal  resonator 
itself  and  that  derived  from  Ku-Band  system  data. 


Figure  4  is  the  static  phase  noise  measured  at  the  Ku- 
Band  output.  The  60  Hz  and  120  Hz  spikes  are  AC  line 
induced  in  the  test  equipment.  The  noise  floor  at  1(X)  kHz 
offset  is  -124  dBc/Hz  which  is  equivalent  to  -164  dBc/Hz 
at  the  crystal  filter  output  of  Figure  1.  Figures  5,  6,  and  7 
show  the  Ku-Band  phase  noise  in  axes  X,  Y,  and  Z  res¬ 
pectively  with  the  system  subjected  to  the  random  vibra¬ 
tion  spectrum  of  Figure  3.  Overlayed  on  each  set  is  the 


MECHANICAL  DESIGN 

The  synthesizer,  which  consists  of  seven  separate  mod¬ 
ules,  is  packaged  in  a  carrier  measuring  8.0  inches  long  x 
6.5  inches  wide  x  4.0  inches  high  and  weighs  12  pounds. 
The  carrier  assembly,  as  well  as  the  individual  modules, 
are  milled  out  of  single  aluminum  blocks  to  ensure  struc¬ 
tural  rigidity  and  minimize  performance-degrading  mech- 
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anical  resonances.  Figures  8  and  9  depict  the  configura¬ 
tion. 

The  synthesizer  mounting  surface  in  the  radar  is  the  thick 
metal  plate  on  which  the  master  oscillator  is  mounted. 
Thus,  the  random  vibration  spectrum  is  transmitted  di¬ 
rectly  to  the  oscillator  without  any  intervening  structural 
members  having  unpredictable  dynamic  characteristics. 


CONCLUSIONS 

A  Ku-Band  synthesizer  having  low  vibration  induced 
phase  noise  is  described.  Electrical  and  mechaiiical  design 
parameters  are  selected  to  optimize  performance  when  the 
synthesizer  is  subjected  to  simultaneous  static  and 
dynamic  G  forces. 
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Figure  1.  Block  Diagram  of  Ku-Band  Synthesizer 


I 


333 


iiAA 


0.1 


Figure  3.  Performance  Vibration  Level 


Figure  4.  Static  Phase  Noise 


Figure  6.  Y-Axis  Phase  Noise 


Figure  5.  X-Axis  Phase  Noise 


Figure  7.  Z-Axis  Phase  Noise 


334 


Figure  8.  Assembly  Configuration  —  Right  Side  View 


Figure  9.  Assembly  Configuration  —  Left  Side  View 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 
COMPUTATION  OF  OSCILLATOR  OPEN-LOOP  BODE  PLOTS 


Donald  E.  Phillips 

Collins  Avionics  &  Communications  Division 
Rockwell  International  Ccaptvation 
Cedar  Rapids,  LA  52498 


Introduction 

This  paper  presents  a  method  for  computing  the 
open-loop  gain  and  phase  response  of  oscillators  using 
two  successive  SPICE  runs.  A  current  balance 
method  is  described  which  insures  accuracy.  Some 
graphical  results  are  discussed. 


The  real  [woblem  is  in  producing  a  drive  signal 
which  does  not  alter  the  loop  impedance  loading  and 
feedback  conditions.  Before  discussing  the  current 
balance  method,  the  difficulties  with  conventional 
methods  will  be  described. 

Oscillator  Loop  with  Test  Circuit 


Open-loop  response  computation  and  plotting  is 
a  standard  procedure  in  the  design  of  negative 
feedback  systems.  It  indicates  the  degree  of  stability 
and  other  aspects  of  transient  and  steady-state 
performance.  It  is  quite  straight  forward  to  compute 
the  product  of  all  the  transfer  functions  around  a 
feedback  loop,  especially  when  these  functions  are 
well  buffered.  Several  ingenious  measurement 
methods  are  in  use. 

Knowing  the  oscillator  open-loop  characteristics 
would  help  in  the  analysis  and  design  of  high- 
perforrtuuice  oscillators.  However,  these  positive 
feedback  circuits  present  a  real  challenge.  Especially 
at  the  higher  frequencies,  the  active  device  is 
bilateral;  its  input  impedance  depends  upon  the  ouqiut 
load,  and  its  output  impedance  depends  upon  the 
source  impedance  which  is  reflected  back  as  a  load  on 
the  output  It  has  been  commonly  thought  to  be 
impossible  to  analyze  this  condition. 

Two  problems  that  exist  with  closed-loop 
computation  do  not  occur  with  open-loop 
computation: 


Attempts  have  often  been  made  to  break  the 
feedback  connection  for  the  analysis  or  measurement 
(iMgure  1).  It  should  be  understood  that  the  desired 
open-loop  response  is  the  total  complex  gain  around 
the  loop  when  it  is  closed.  If  the  measurement  or 
analysis  technique  alters  the  loop  impedance  loadings 
and  feedback  conditions,  whether  the  loq)  is  qien  or 
closed,  the  resulting  response  is  inaccurate. 


1)  The  open-loop  analysis  is  in  the  frequency 
domain,  where  nothing  "happens"  as  it  would  in  the 
time  domain  (such  as  oscilh^on).  Only  steady-state 
conditions  are  recognized,  and  these  only  from  a 
specified  driving  signal  which  is  made  small  enough 
so  that  all  numbers  are  within  the  computer’s  dynamic 
range. 

2)  The  open-loop  response  is  not  multiplied  up 
to  high  values  at  resonance  like  the  closed-loop 
response.  The  expected  values  at  resonance  are  0  Db 
magnitude  and  0  degrees  phase. 


Figure  2  shows  an  oscillator  loop  with  a  series 
test  circuit,  with  designators  as  used  in  this  paper  as 


follows: 

Zin 

Active  device  input  impedance 

Zs 

Source  impedance  to  the 
device  input 

Vin 

Input  voltage  to  the  device 

Vo 

The  loop  output  voltage  up  to 
the  device  input 

Test  Circuit 

Means  of  signal  injection  into 
the  loop  for  analysis 
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Since  there  is  bilateral  signal  flow,  that  is, 
additional  feedback  around  the  loop  in  the  opposite 
direction  of  the  arrows,  the  impedances  Zs  and  Zin 
are  not  buffered,  but  affect  each  other.  For  accurate 
computation  of  (Vo/Vin)(s),  the  following  three 
requirements  must  be  met: 

1)  Driving  signal  Vin  applied  to  Zin 

2)  Zero  series  impedance  both  ways 

3)  Infmite  shunt  impedance 

4)  2^00  voltage  fed  back  to  Zs,  so  that  only 
Vo  from  the  oscillator  loop  is  present 


0  V 


Provide  A  Driving  Signal  V,n 

(1)  Zero  Voltage  Fed  Back  To  Vour 

(2)  Zero  Series  Impedance  Both  Ways 

(3)  Infinite  Shunt  Impedance 

Fig.  2.  Open  Loop  Test  Circuit 


Inaccurate  Methods 

The  conventional  methods  of  adding  a  driving 
signal  generally  fall  into  one  of  the  following: 

1)  Breaking  the  loop  (Figure  3)  to  treat  the 
open-loop  response  as  a  single  gain  block  with  output 
isolated  from  the  input  This  not  only  makes  it 
difficult  to  maintain  d.c.  bias  conditions,  but  the 
impedance  loading  and  feedback  between  input  and 
output  are  no  longer  present  Even  if  dummy 
impedances  are  used  as  shown,  the  altered  feedback 
conditions  might  make  the  resulting  "measurement" 
inaccurate. 

2)  Leaving  the  loop  closed  while  adding  a 
series  voltage  source  (Figure  4)  or  shunt  current 
source  (Figure  S).  While  not  disturbing  the 
impedances  and  feedback,  a  voltage  is  fed  back  to  the 
source  side  of  the  generator  which  adds  to  the  loop 
output  voltage  Vo  at  this  point  and  can  cause  serious 
errors. 


Fig.  3.  Voltage  Source  Error. 


Fig.  4.  Current  Source  Error. 


Vq  Isolated  From  Vq,  But 
Also  Isolated  From  Zm 


Fig.  5.  Voltage  Adder  Error. 


3)  Adding  a  driving  signal  through  a  summing 
circuit  (Figure  6).  While  this  prevents  a  false  voltage 
fed  back  to  Vo,  it  also  isolates  Zin  and  Zs  from  each 
other,  also  causing  errors  as  in  1  above. 
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(1)  Rnd  Zs,  Zm  With  Closed  Loop 

(2)  Use  As  Models  Zg ,  Z,n  With 
Loop  Opened. 

(3)  Feedback  Path  From  Z^  To 
Zs  la  Broken 


Fig.  6.  Dummy  Impedances  Error. 


An  Accurate  Method 


This  method  introduces  a  current  balance 
technique  which  allows  a  driving  signal  to  be  entered 
into  the  loop  without  disturbing  the  impedance 
loadings  and  feedback,  and  nulls  out  the  unwanted 
voltage  firom  the  measurement  of  the  loop  output  Vo. 

As  illustrated  in  Figure  7,  a  voltage  generator 
Vg  is  the  Basic  driving  signal  to  produce  a  desired 
input  voltage  at  Zin.  The  resulting  current  Ig  flowing 
through  the  entire  oscillator  loop  produces  an 
undesired  voltage  at  2^. 


U  =  Iq 

Vo  =  (Ia  -  Ig)  Zs  =  0 
“Forward  Generator” 


Fig.  7.  Error-Free  Circuit 


An  additional  current  generator  II  is  added 
which  produces  two  currents,  la  through  Zs,  and  Ib 
through  Zin.  The  magnitude  and  phase  of  the  two 
generators  are  made  such  that  the  current  la  is  equal 


to  Ig  in  magnitude  and  phase.  Bowmg  in  opposite 
directions,  the  net  driving  current  through  Zs  is  now 
zoo,  and  the  net  current  through  Zin  is  larger 
producing  the  total  Vin.  Therefore,  the  true  open- 
loop  function  is  complex  VoA^in  at  each  frequency. 
Note  that  the  impedances  and  generator  values  must 
be  computed  at  each  frequency. 

By  using  a  frequency  analysis  program  such  as 
SPICE,  most  of  the  analysis  can  be  automated. 
Basically,  two  successive  runs  are  needed:  First,  to 
fmd  the  impedances  Zs  and  Zin  in  the  closed-loop 
configuration;  second,  using  these  impedances  as 
models,  to  find  the  open-loop  response.  While  by  no 
means  a  simple  operation,  it  could  be  highly 
automated  with  suitable  associated  software.  I  have 
already  automated  some  of  it  within  the  second 
SPICE  run  by  using  circuit  analysis  techniques  to 
perform  some  of  the  computation. 


Detailed  Explanation 

A  more  detailed  description  of  the  process  using 
SPICE  starts  with  a  first  analysis  to  find  Zs  and  Zin 
at  the  frequencies  desired  for  the  analysis.  These 
impedances  are  stored  as  SPICE  models.  In  SPICE, 
impedances  are  determined  by  fmding  the  associated 
voltages  and  currents.  As  shown  in  Figure  8,  currents 
are  found  by  voltage  generators  used  as  ammeters, 
whose  generator  voltages  must  be  set  to  zero; 
otherwise  the  voltage  diHerences  would  cause 
erroneous  impedance  values.  The  driving  signal  for 
this  run  must  come  from  a  current  generator  II.  The 
impedance  values  fen-  each  frequency  are  printed  out 
to  a  file. 


(Do  Not  Use  Voltage  Sources) 


Fig.  8.  Determining  Zs,  Zin. 
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These  impedances  can  be  plotted  and  are 
interesting  to  study.  It  should  be  remembered  that 
they  are  active  impedances,  and  will  change  when 
other  circuit  values  are  altered. 

These  impedances  can  be  plotted  and  are 
interesting  to  study.  It  should  be  remembered  that 
they  are  active  impedances,  and  will  change  when 
other  circuit  values  are  altered. 

Then  a  second  SPICE  analysis  is  performed 
using  the  Zs  and  Zin  models  to  derive  the  generator 
relationships.  I  prefer  to  set  II  at  an  arbitrary  value 
(such  as  1  microampere  for  small  signal  analysis),  and 
then  compute  the  required  voltage  by  using  additional 
circuits  simultaneously  during  the  second  run.  As 
shown  in  Figure  9,  the  first  circuit  computes  a  current 
la,  which  when  used  in  the  second  circuit,  computes 
the  value  of  the  voltage  Vg  to  be  used  in  the 
oscillator  test  circuit.  Special  computer  runs  have 
tested  the  degree  of  balance:  the  undesired  signal 
component  of  Vo  was  attenuated  by  280  dB. 


Zs 

c 

p  ! 

Zm 

- i 

i 

PICK  II,  FIND  lA 


Fig.  9.  Computing  Vg. 

Analyzing  a  FET  Oscillator 

Figure  10  is  a  simplified  200  MHz  oscillator 
using  a  U310  FET.  Measured  common  source 
s-parameters  were  used  in  the  analysis.  The  resulting 
open-loop  Bode  plot  is  shown  in  Figure  11.  The 
phase  shift  around  the  loop  passes  through  zero 
degrees  at  the  frequency  of  oscillation,  according  to 
Baikhausen’s  law,  and  the  gain  is  higher  than  unity  at 


that  point  In  a  real  oscillator,  the  gain  would  be 
greater  than  one  to  start,  and  then  reach  limiting 
where  the  gain  would  be  very  slightly  less  than  unity 
to  allow  for  the  thermal  noise  driving  the  circuit 


Fig.  10.  FET  Oscillator. 

One  of  the  primary  values  of  this  analysis  is  to 
compute  the  oscillator  loaded  Q,  which  is  a  basic 
parameter  in  stability  and  noise  analysis.  This  is  the 
Q  of  the  resonant  tank  circuit  loaded  by  the  output 
p(»t  the  active  device,  bias  circuits,  etc.  It  is  not  the 
multiplied  Q  as  seen  in  the  closed  loop  response, 
which  is  very  much  higher  than  the  loaded  Q.  For 
low  phase  noise  close  to  the  carrier,  a  high  loaded  Q 
is  necessary.  The  usual  determination  of  loaded  Q  is 
by  the  carrier  offset  frequency  where  the  phase  noise 
crosses  the  additive  noise.  This  computer  analysis 
technique  allows  loaded  Q  to  be  predicted  before  a 
circuit  has  been  built  The  calculahon  of  loaded  Q  is 
based  on  the  slope  of  phase  vs  frequency  through  the 
zero  crossing  at  resonance. 

If  the  frequency  Fo  is  determined  at  0  degrees 
phase  and  another  frequency  FI  at  some  phase  d>  near 
0.  the  loaded  Q 

Q  -  ♦ 

^  ■  2(F„-  Fi) 


Using  the  open-loop  phase  values  derived  from 
the  SPICE  analysis  of  the  U310  oscillator  example 
(Figure  1 1),  the  loaded  Qs  for  different  sets  of  values 
are: 


TankL 

Tank  C  (2) 

40  nH 

25  pF 

18 

25  nH 

40  pF 

53 

10  nH 

100  pF 

202 

This  illustrates  the  strong  effect  of  the  L/C  ratio  on 
loaded  Q,  especially  if  the  tank  losses  are  low  as  in 
this  example  where  the  tank  is  lossless.  According  to 
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this  computation,  the  loaded  Q  increases  faster  than 
the  L/C  ratio  decreases,  perhaps  because  of  the 
interactive  impedances  between  the  transistor  and  the 
tank  circuit 

Conclusions 

An  analysis  technique  was  demonstrated  to 
accurately  compute  oscillator  open-loop  gain.  The 


phase  slope  is  related  to  the  loaded  Q,  which  can  be 
used  to  predict  some  aspects  of  the  oscillator  noise 
characteristic.  This  analysis  was  done  using  small- 
signal  parameters  in  SPICE.  More  woik  needs  to  be 
done  to  extend  this  technique  to  large-signal  analysis 
using  programs  such  as  SPECTRE  or  LIBRA,  to 
analyze  other  oscillator  circuit  configurations,  and  to 
compare  these  results  with  whatever  measured  data  is 
most  relevant,  especially  noise  levels. 
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Abstract 

This  paper  presents  a  full  nonlinear  modelization 
technique  for  quartz  crystal  oscillators.  The  model 
computes  both  imaginary  and  real  part  of  the 
nonlinear  complex  polynomial  characteristic,  giving 
the  frequency  and  amplitude  of  the  oscillation.  It  is 
shown  how  a  computer  aided  symbolic  calculation  can 
be  used  to  obtain  error  free  polynomial  coefficients. 
The  nonlinear  behaviour  of  trie  active  device  is 
described  by  using  nonlinear  admittance  parameters 
whose  value  is  a  function  of  the  signal  level.  These 
functions  have  been  obtained  by  using  an  electrical 
simulator  commercially  available,  and  the  results  are 
compared  with  experimental  data.  Modelization  of  the 
oven  has  also  been  performed,  and  this  paper  presents 
the  program  used  to  obtain  the  thermal  transfer 
function  of  the  oven. 


Introduction 

The  two  main  purposes  the  simulators  can  serve  are 
either  design  or  analysis.  When  developing  a  new 
oscillator,  its  type  and  structure  are  usually 
determined  by  some  mandatory  requirement  like 
frequency,  power  consumption,  signal  level,  stability, 
etc.  Then,  the  designer  has  to  find  the  optimum  value 
of  the  circuit  components.  This  task  do  not  need  a  high 
precision  simulator  since  it  has  only  to  give  the 
designer  the  rate  of  variation  and  the  extreme  values 
of  the  most  important  parameters  so  that  he  can  check 
that  the  device  will  work  within  the  specifications 
under  all  conditions. 

On  the  other  hand,  if  one  has  to  model  an  existing 
oscillator  in  order  to  analyze  its  behavior  in  a 
particular  environment  or  to  evaluate  the  frequency 
shift  produced  by  a  modification  of  some  component  or 
other,  a  high  precision  simulator  is  required.  This  is 
why  a  new  approach  has  been  developed  to  settle  a 
high  precision  nonlinear  simulator  intended  to 
analyze  without  ambiguity  the  frequency  variations 
measured  by  Doppler  enect  within  the  scope  of 
orbitographic  missions.  The  expected  goal  is  to  have  a 
model  as  accurate  as  possible  enabling  the  simulation 
of  environmental  conditions  like  temperature, 
magnetic  field,  etc.,  so  that  their  effect  can  be 
removed  from  the  usef^ul  signal. 


Although  general  purpose  electrical  simulator  like 
SPICK  [1]  or  ASI’KC  [2]  can  be  used  for  the  modelling  of 
the  oscillators,  they  are  not  well  adapted  to  the  case  of 
quartz  crystal  oscillator  because  of  the  very  high 
quality  factor  of  these  devices.  In  fact,  the  frequency 
and  amplitude  of  oscillations  can  be  obtained  only 
through  a  transient  analysis  when  the  steady  state  is 
reached.  It  is  well  known  that  the  time  required  to 
reach  the  oscillation  steady  state  from  the  start  or 
after  a  perturbation  is  typically  of  the  order  of 
magnitude  Q/fo  where  Q  is  the  quality  factor  and  fo 
the  oscillator  frequency.  For  example,  a  10  MHz 
quartz  crystal  oscillator  whose  quality  factor  is  about 
10*  needs  about  0.01  s  to  1  s  to  reach  the  steady 
state  that  is  10*  to  10^  periods,  if  we  would  evidence 
relative  frequency  changes  iipf  10  ®  we  should  be 
compelled  to  choose  calculation  time  step  AT  so  that 
AT/T  =  Af  I  f  where  T  =  l/fu  i.e.  10*  points  per  cycle 
so  the  steady  state  would  need  10"  to  10'®  calculation 
steps.  A  program  like  SPICK  running  on  a  PC/286 
computer  would  required  10'®  to  10'®  s  of  CPU  tiiue  to 
perform  this  task,  in  other  words  :  3,000  to  300,000 
years,  even  with  a  large  computer  one  million  times 
faster,  the  calculation  time  remains  today  prohibitive. 

Over  a  few  years,  some  programs  intended  to 
oscillator  C.A.D.  have  been  described  in  the 
literature.  Most  of  them  are  built  on  the  solution  of 
the  Barkhausen  criterion  and  are  usually  restricted  to 
a  particular  oscillator  structure  or  its  derivatives  for 
example  Colpitts,  Pierce  or  Clapp  oscillators.  Some  of 
these  programs  have  an  oscillator  library. 

The  oscillator  simulators  can  be  classified  into  three 
categories : 

-  The  purely  linear  simulators  [3,  4),  they  only  gives 
the  root  of  the  imaginary  part  of  the  characteristic 
polynomial  by  assuming  the  amplifier  parameters  are 
constant.  The  gain  condition  is  restricted  to  an 
inequality  :  the  small  signal  amplifier  gain  has  to  be 
large  enough  to  insure  the  oscillation  can  start, 
obviously,  these  programs  cannot  give  the  amplitude 
of  oscillations. 

-  The  frequency-linear  amplitude-nonlinear 
simulators.  Usually  these  simulators  calculates  the 
root  of  the  imaginary  part  of  the  complex 
characteristic  by  setting  a  prion  the  gain  margin  to 
an  acceptable  value  in  order  to  work  out  the 
oscillation  frequency  [51.  The  amplitude  of  the  signal 
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is  separately  calculated  by  determining  the  type  of 
limitation  the  active  element  is  subjected  to.  For 
example  base-emitter  or  base-collector  cutoff  [6]. 
Nevertheless,  these  simulators  do  not  take  into 
account  the  coupling  between  amplitude  and 
frequency. 

-  Full  nonlinear  simulators.  Some  attempts  to 
elaborate  nonlinear  models  of  oscillators  have  been 
described.  Some  of  them  start  from  results  coming 
from  general  purpose  electrical  simulator  either  to 
describe  the  amplifier  behavior  before  use  in  the 
simulator  [7,  8|  or  to  simulate  the  oscillator  as  a 
whole,  the  large  transit  time  problem  being  overcome 
by  modifying  the  initial  conditions  until  the  steady 
state  amplitude  is  reached  through  a  successive 
approximation  process  [91. 


Modelling  principles 

Many  important  problems  arise  when  constructing  an 
accurate  model  for  an  oscillator.  Among  them  one  can 
quote  the  large  amount  of  components  which  leads  to 
a  lot  of  intricate  equations  difficult  to  handle,  and  the 
intrinsic  nonlinear  behavior  of  the  device  which  needs 
to  seek  a  solution  for  both  the  frequency  and 
amplitude  of  oscillation  because  they  are  not 
independent.  To  this  end  the  nonlinear  behavior  of  the 
active  component  has  to  be  known.  This  paper 
describes  the  different  methods  used  to  overcome 
these  difficulties. 

Let  us  consider  the  simple  Colpitts  oscillator  shown  on 
Fig.  1.  It  will  be  used  throughout  this  paper  to  present 
the  various  methods  used. 


10  V 


Fig.  1  :  Schematic  of  simple  Colpitts'  oscillator 


The  oscillator  (Fig.  1)  is  conceptually  composed  of  an 
amplifier  and  a  resonant  feedback  loop  whose  main 
component  is  often  a  quartz  resonator.  The  purpose  of 
the  amplifier  is  to  sustain  the  oscillation  amplitude  to 
the  desired  level,  it  consists  of  an  active  component  : 
here  a  bipolar  transistor  and  its  bias  circuitry.  The 
derivation  of  the  oscillation  equation  consists  in 
writing  that  when  the  steady  state  is  reached,  the 
resonant  circuit  feedback  to  the  amplifier  input  a 
signal  whose  amplitude  and  phase  are  identical  to 
those  which  produced  it  (Barkhausen  criterion).  This 
identity  leads  to  a  "characteristic  equation"  which  is  a 
complex  polynomial  whose  degree  is  increasing  with 
the  number  of  components  in  the  circuit.  The  root  of 
the  imaginary  part  also  called  "zero  phase  condition" 
gives  the  oscillation  frequency.  The  real  part  is 
related  to  the  amplitude  condition,  the  amplifier  has 
to  make  ■  p  for  the  losses  of  the  remaining  circuit. 
When  the  oscillations  start  the  amplifier  gain  is  high 
so  the  amplitude  increases,  because  the  amplifier  is  a 
nonlinear  device,  its  gain  is  decreasing  when  the 
amplitude  growths  and  the  steady  state  amplitude  is 
reached  when  the  gain  is  just  large  enough  to 
compensate  exactly  the  circuit  losses. 

Nonlinear  description  of  the  active  component 

When  dealing  with  small  signals,  the  behavior  of  a 
bipolar  transistor  can  be  represented  by  a  linear 
equivalent  network  using  small  signal  parameters. 
Among  the  different  possible  representations,  the 
admittance  parameters  also  called  "y  parameters"  are 
often  used  in  RF  electronics,  their  value  is  depending 
upon  three  main  parameters  :  the  frequency,  the  bias 
conditions  (operating  point)  and  the  temperature  but 
they  do  not  depend  on  the  signal  amplitude  if  it 
remains  small  enough.  At  the  opposite,  when  used  in 
a  given  oscillator,  the  small  signal  approximation  can 
no  longer  be  applied,  in  return  the  operating 
frequency  remains  constant.  At  this  stage  it  is 
possible  to  carry  on  with  the  y  parameter 
representation  with  the  difference  that  they  are  now 
fut  ctinn  of  the  amplitude. 

Figure  2  represents  the  equivalent  network  of  a 
bipolar  transistor  using  y  parameters,  the  four 
complex  admittances  yn  can  be  put  on  the  form 

y  —  S  +  pC  in  =  i,f,r  or  o)  *  *  * 

where  gn  is  a  conductance,  Cn  a  capacitance  and  p  the 
Laplace's  operator.  Each  of  the  8  quantities  gn  and 
Cn  depends  on  the  amplitude  of  the  base-emitter 
voltage  i>,,  or  on  the  amplitude  of  the  collector-emitter 
voltage  Oq- 


Fig.  2  :  Equivalent  network  of  bipolar  transistor 


342 


There  are  three  methods  o  determine  the  way  the  y 
parameters  are  depending  on  the  amplitude  ; 
calculation,  simulation  or  measurement.  As  regard  of 
the  complexity  of  a  nonlinear  model  describing  the 
transistor  behavior,  calculations  would  need  a  lot  of 
approximations  which  may  leads  to  inaccurate 
results.  The  simplest  way  to  obtain  these  lar^e  signal 
y  parameters  consists  in  using  an  electrical  simulator 
all  the  more  because  these  programs  have  today  well- 
supplied  component  libraries  with  very  sophisticated 
and  accurate  models.  This  method  has  been  used  here 
along  with  experimental  verifications.  The 
simulations  have  been  performed  with  the  program 
SIMCK,  now  available  on  a  large  number  of 
installations.  The  determination  of  the  y  parameters 
by  simulation  results  from  their  definition 
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Fig.  3 ; 

Nonlinear  behavior  of  the  parameter  y,,  VcE  =  3.3  V 

(1) /r  =  0.95  mA 

(2)  V  =  1.9  mA 

(3)  Ic  =  2.85  mA 

(4) /c  =  3.78  mA 


(2) 


The  simulator  gives  the  amplitude  and  phase  of  the 
voltages  and  currents,  then  the  amplitude  and  phase 
of  y,  may  be  obtained  from  the  relations 


I 
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j  I  u  -U  » 
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Fig.  4  ;  Parameter  y/.  Same  conditions  as  in  Fig.  3 
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So  the  conductance  and  capacitance  C,  defined  by 
Eq.  1  can  be  derived 

=  i', 

(4) 

y  am  d) 

C  =  ^ ^ 

'  (jj 

The  six  remaining  parameters  -re  obtained  in  a 
similar  way. 


Eqs.  (2)  show  that  two  different  circuits  are  needed  to 
determine  the  y  parameters,  one  for  vi  and  yf  and 
another  one  for  yr  and  y„.  In  both  cases,  the  dc  biasing 
circuit  is  the  same  as  in  the  oscillator.  In  the  first  case 
the  input  signal  is  applied  to  the  base  and  the  output 
is  short  circuited  by  putting  a  large  capacitor  between 
collector  and  emitter  to  insure  that  —  0  while  in  the 
second  case  the  input  signal  is  applied  to  the  collector 
and  the  transistor  input  is  short-circuited  by  a 
capacitor  put  between  base  and  emitter  to  insure  that 

Vi  —  0. 
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Fig.  5  :  Parameter  yr.  Same  conditions  as  in  Fig.  3  Fig.  6  :  Parameter  y„.  Same  conditions  as  m  Fig.  3 
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Fig.  7 
and 


Simulations  have  been  achieved  by  using  input 
signals  of  increasing  amplitude.  When  large 
amplitudes  are  used,  the  signals  in  the  circuit  are  no 
longer  sinusoidal  so  the  phase  differences  are  more 
and  more  difficult  to  obtain  as  the  amplitude 
increases.  Fortunately,  the  simulator  gives  the  user 
the  amplitude  and  phase  of  the  nine  first  components 
of  the  Fourier  series  from  which  the  parts  gn  and  €„  of 
the  different  parameters  can  be  derived  through  Eqs. 
(3)  and  (4). 

Different  simulations  have  been  carried  out  in  various 
biasing  and  temperature  conditions.  Figs.  3,  4,  5  and  6 
show  the  results  obtained. 

The  experimental  verification  of  the  simulation 
results  has  been  carried  out.  The  source  used  was  a  10 
MHz  synthesizer  and  the  measurements  were  made 
with  a  vector  voltmeter  for  input  voltage  varying  from 
10  mV  to  1  V  rms  (maximum  upper  limit  for  the 
apparatus). 

Only  the  two  parameters  y;  and  yf  have  been 
measured.  Fig.  7  shows  the  comparison  between 
simulation  and  experimental  data.  The  curves  have 
been  normalized  with  respect  to  the  small  signal 
value  of  the  parameters. 


Basic  oscillator  equations 

Fig.  8  shows  the  equivalent  circuit  for  the  Colpitts 
oscillator  described  on  Fig.  1. 


i, 


:  Comparison  between  simulation  (solid  lines) 
experiment  (sjmibols)  for  parameters y,  andy/' 


Fig.  8  ;  Equivalent  network  of  the  simple  Colpitts' 
oscillator  shown  on  Fig.  1 


The  admittance  F'o  is  formed  by  the  crystal,  the 
matching  capacitor  C^i  and  the  bias  resistors  Ri  and 
«2- 


The  crystal  admittance  itself  can  be  put  under  the 
following  form 

V  =  - - - 

1  +  pC  (K  +  p/.  ) 

<4  U 

so  that  (.51 


Y' 

1 


pC  ,  y 

- -  ■  +  I'm 

+  p  C  P 


i>\ 
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is  the  admittance  of  the  emitter  biasing  resistor  R^. 
and  is  the  output  impedance  which  consists  of  the 
load  impedance  /?, ,  the  coupling  capacitor  C(  and  the 
collector  bias  resistor  /?<•. 

H  (1  pH^ 

/  =  — ^ - — -  (6» 

‘  1  +  pCy/i,  ^  H  ) 


The  capacitor  C4  has  been  taken  into  account  by 
modifying  the  transistor  y  parameters 


+  >4  ^  •>'r  -  >4 

(7) 

■'  V  "  -V  ~  ^  >„  "  ^4 


where  >4  =  p  C4. 


The  characteristic  polynomial  can  be  derived  by 
inspection  of  Fig.  8.  By  expressing  the  input  current  i, 
as  a  function  of  the  input  and  output  voltages  u  and  v, 
the  input  ratio  v/u  can  be  written  in  the  form 

y',  +  y,  +  (I  +  a,)  y 
-  =  -  — - ;;; - - 

where 


y,  ^1 

+  >'2 


y  +  y 

a„  =  ^ .  y,  =  pC',,  y.,  =  pC’ 

2  y+y  1  ^1  2  i 

'n  2 


In  the  same  manner,  the  output  current  can  be 
expressed  as  a  function  of  u  and  u  leading  to  the 
output  ratio ; 


°i  ^  y'f 


(9) 


When  the  steady  state  is  reached,  the  two  ratios  (8) 
and  (9)  are  equal.  Replacing  all  terms  by  their 
expression  as  functions  of  the  circuit  parameters  and 
the  Laplace's  operator  p  (Eqs.  5,  6,  7)  leads  to  the 
characteristic  polynomial. 

\ 

V  p‘  =  0  (10) 

*  =  0 


These  difficulties  can  be  avoided  by  calling  on 
computer  aided  symbolic  calculation.  Many  softwares 
permit  the  user  to  handle  algebraic  expressions  like 
polynomial  expansion  or  factorization  instead  of 
numerical  data.  Among  the  available  programs  one 
can  quote  .M ATIII^M ATK’A  (10],  .MACSYMA  (111  or 
RKDIX’K  [12].  In  addition  of  their  symbolic  calculation 
ability,  these  programs  often  allow  the  user  to  get 
results  directly  expressed  in  high  level  computer 
language.  This  is  the  case  for  the  program  KKDl  CK 
used  here  which  can  output  results  under  KOK'l'KA.M 
statement  form.  Then  these  instruction  code  lines  can 
be  safely  inserted  in  the  simulation  program  without 
manual  transcription.  Among  the  large  number  of 
calculations  RKDUCK  can  perform,  the  most  useful 
features  for  the  present  purpose  are  : 
algebraic  calculations 

-  polynomial  manipulations  :  rearrangement,  facto 
rization,  expansion,  polynomial  degree  determi¬ 
nation 

rational  manipulations  :  munerator  and  denomi¬ 
nator  separation  ... 

Fig.  9  shows  an  example  of  a  KKOUCK  session,  the 
numbered  lines  are  typed  by  the  user,  statements  1; 
and  2;  assign  polynomials  to  variables  x  and  y, 
statement  3:  ask  for  all  the  polynomial  coefficients  of 
the  product.  Note  that  it  is  not  necessary  to  know  the 
leading  degree  of  the  product,  it  is  calculated  by  the 
operator  deg.  The  statements  4;  and  5;  respectively 
ask  for  the  first  derivative  of  x  and  for  the  indefinite 
integral  of  y  with  respect  to  the  variable  p. 

reduce 

REDUCE  3.3,  l-Aug-88  ... 

1:  X  ;=  aO  al*p  *  a2*p‘2  f  a3»p'3  : 

3  2 

X  :=  P  *A3  P  *A2  +  P*A1  +  AO 

2:  y  :=  bO  »  bl*p  *  b2*p'2  ; 


2 

Y  :=  P  *B2  +  P*B1  +  BO 

3:  for  j  :=  0  t  deg(x*y,P)  do  write  coeffn(x*y ,p, j)  : 
AO*  BO 

A1*B0  +  A0*B1 
Al»Bl  *  A2*B0  ->•  A0*B2 
A1*B2  +  A2»B1  +  A3*B0 
A2*B2  A3*B1 


where  ak  are  function  of  the  circuit  parameters  and  N 
the  polynomial  degree  which  depend  on  the 
complexity  of  the  circuit. 


Automatic  program  generation 


A3*B2 

4:  z  :=  dt(x,p,l)  : 

2 

Z  :=  3*P  *A3  •*'  2*P*A2  *  A1 
5:  int(y,p)  ; 


Even  with  the  simple  Colpitts  oscillator  described 
above,  expressing  characteristic  polynomial 
coefficients  a*  (Eq.  10)  leads  to  rather  long  and 
tedious  calculations.  When  dealing  with  more 
sophisticated  networks  involving  mode  or  overtone 
selection  or  electronic  pulling  circuits,  the  polynomial 
degree  and  the  calculation  complexity  drastically 
increase  with  the  number  of  components  so  the  error 
risk  when  deriving  and  coding  the  polynomial 
coefficients  becomes  important. 


P*(2*P  *B2  +  3*P*B1  *  6*B0) 

6 

6 :  quit  ; 

Quitting 

/ 

Fig.  9  :  Sample  of  a  RKDUCK  session 


346 


A  conunon  awkwardness  when  using  that  kind  of 
program  is  to  input  everything  it  needs,  that  is  the 
starting  basic  relations  like  Eqs.  5,  6,  etc.  and  to  ask 
for  the  final  result  Eq.  10  ;  this  is  probably  the  best 
way  to  spent  a  maximum  of  money  and  CPU  time  for  a 
minimum  of  result  or  no  result  at  all  because  of  the 
incredibly  large  and  intricate  expressions  generated. 
Rather,  the  code  has  to  be  built  step  by  step  :  the  basic 
relations  are  put  in  the  form  of  rational  expressions, 
the  numerator  and  denominator  of  which  are 
polynomials  whose  degree  is  known,  then  each 
polynomial  coefficient  is  expressed  in  term  of  the 
circuit  parameters  and  saved,  then  they  are  replaced 
by  an  intermediate  variable  giving  the  initial  rational 
expressions  a  simpler  form  of  same  degree  which  will 
be  used  for  the  next  step  (Eqs.  8  and  9  lor  example).  In 
the  same  manner,  the  resulting  rational  expression  of 
known  degree  can  be  written  in  terms  of  a  new  set  of 
symbolic  variables  which  are  function  of  the  former 
ones.  Eventually,  the  degree  of  the  characteristic 
polynomial  is  determined,  and  the  coefficients  are 
expressed  in  terms  of  the  symbolic  variables  defined 
in  the  previous  step.  This  method  presents  the 
advantage  that  the  intermediate  variables  are  always 
expressed  in  term  of  variables  previously  defined,  the 
circuit  parameters  being  used  in  the  first  step.  This  is 
important  for  the  high  level  language  coding  which 
thus  becomes  much  more  compact  and  efficient  and 
which  can  be  used  without  modification  in  the 
numerical  computation  program. 


Solving  the  characteristic  polynomial 

At  this  stage,  the  polynomial  coefficients  a/,  of  Eq.  10 
are  known.  By  putting  p  =  joj  this  equation  can  be 
shared  into  real  and  imaginary  part : 

M 

V  =  0 

*=1 


1 


Each  coefficient  a  and  p  is  expressed  as  a  function  of 
the  circuit  parameters,  some  of  them  (namely  y„) 
being  function  of  the  signal  amplitude  u  (Figs.  3-6). 
Now  the  problem  is  to  find  the  frequency  Wq  and  the 
amplitude  Uy  satisfying  simultaneously  both  Eqs.  11. 
This  can  be  done  by  analogy  with  the  actual  behavior 
of  an  oscillator  :  the  amplitude  u  is  given  the  smallest 
value  111  for  which  the  transistor  parameters  yn(iii) 
are  known,  then  the  root  of  the  imaginary  part  can  be 
calculated  giving  a  first  approximation  ui  of  the 
oscillation  frequency.  The  real  part  of  the 
characteristic  equation  (11)  is  thus  calculated,  at  this 
step  it  is  likely  different  from  zero,  in  the  second  step, 
the  amplitude  is  increased  to  a  new  value  U2  >  (i| 
giving  a  new  set  of  transistor  parameters  yn(u2)  thus  a 
second  approximation  U2  of  the  oscillation  frequency 
and  a  second  value  of  the  real  part  likely  smaller  than 
the  former  one.  The  process  is  repeated  with 
increasing  amplitudes  until  the  sign  of  the  real  part 
changes.  The  steady  state  amplitude  is  then  located 
between  two  successive  values  Un  and  Uaf  i-  A  more 


accurate  solution  is  obtained  by  using  a  bisection 
process  between  these  values.  Eventually,  the 
oscillation  amplitude  and  frequency  are  determined 
within  a  given  error  range. 

Fig.  10  shows  the  flow  chart  of  the  program  used. 


Algorithm 


Fig.  10; 

F’low  chart  of  the  nonlinear  simulation  program 
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Figure  1 1  shows  a  simplified  form  of  the  oven  used  for 
the  experimental  verifications. 


Fig.  1 1 :  Structure  of  the  oven 

There  are  three  types  of  heat  transfer  mechanisms 
which  have  to  be  considered  ;  radiation  (r),  convection 
(v),  and  conduction  (c). 

When  two  surfaces  of  areas  Si,  Sa  and  temperature 
Ti,  Ta  are  close  with  each  other,  they  exchange 
radiated  heat  flux  which  can  be  expressed  under  the 
simplified  form  [13] 


depends  on  the  physical  conditions  of  the  convection. 
In  the  case  of  tree  convection  of  interest  here,  oia 
depends  on  the  nature  of  the  fluid  motion  which  can 
be  either  laminar  or  turbulent.  The  main  features  of 
the  fluid  motion  are  described  by  three  parameters : 

-  Prandtl's  number,  Pr  expresses  the  ratio  between 
linear  momentum  and  heat  transfer  abilities.  Table  1 
shows  «:ome  typical  values  of  Pr  as  a  function  of  the 
temperature  when  the  fluid  is  air. 


T 

Pr 

o°c 

0.712 

50“  C 

0.701 

100“  C 

0.690 

Table  1 


-  Nusselt's  number,  Nj  measures  the  ratio  between 
heat  convection  and  conduction  efficiencies. 

-  Grashofs  number,  Gr  indicates  the  nature  of  the 
fluid  motion  ;  small  value  means  that  convection  can 
be  limited  to  heat  conduction  inside  the  fluid,  medium 
value  means  laminar  flow,  and  large  value  means 
turbulent  flow.  Also,  geometrical  arrangements  have 
to  be  considered  to  describe  heat  convection  (for 
instance  the  values  are  different  if  the  wall  is  vertical 
or  horizontal). 

Heat  conduction  is  described  by  Fourier's  law.  In  the 
case  of  constant  thermal  conductivity,  the  heat 
conduction  between  two  nodes  at  temperatures  T i  and 
Ta  can  be  expressed  as 


with 


where  o  =  5.67  10  ®  W.m  2.K  4  is  the  Stefan's 
constant,  1 1,  ca  are  the  emission  factors  which  express 
that  a  real  body  emits  only  a  part  of  the  flux  that  a 
black  body  would  emit  at  the  same  temperature,  Fia 
is  a  geometrical  form  factor  representing  the  ratio  of 
the  total  heat  flux  emitted  by  Si  which  is  received  by 
Sa-  The  form  factor  mainly  depends  on  the 
geometrical  characteristics  of  the  two  surfaces.  This 
simplified  relation  can  be  refined  by  taking  into 
account  other  phenomena  like  the  fact  that  a  part  of 
the  received  flux  is  reflected  and  the  reflection  can  be 
either  specular  (polished  surfaces)  or  diffuse  (frosted 
or  rough  surfaces). 

Convection  involves  heat  exchange  between  a  solid 
side  wall  and  a  surrounding  fluid  [14].  It  is  described 
by  a  law  which  can  be  written  in  the  form 


where  J  is  the  surface  heat  flux  (T-i-Tx)  the 
temperature  difference  between  the  body  surface  and 
the  fluid  temperature,  oi2  is  a  coefficient  which 


C  is  the  heat  capacity  of  the  node  of  interest,  and  C12 
is  the  conductive  coupling  coefficient.  The  coefficients 
C  and  Cl 2  depend  on  the  geometrical  dimensions  and 
on  the  heat  conductivity  of  the  conductor  placed 
between  the  two  nodes. 


An  accurate  description  of  the  thermal  behavior  of  an 
oven  has  to  take  into  account  the  three  heat  transfer 
mechanisms  previously  described  :  radiation, 
convection  and  conduction.  In  the  general  case  that 
analysis  leads  to  a  set  of  nonlinear  partial  differential 
equations  which  cannot  be  solved  without 
approximations  and  whose  coefficients  are  not  well 
known.  On  the  other  hand,  heat  exchange  between 
the  various  parts  of  the  oven  is  often  dominated  by 
only  one  of  the  three  phenomena.  The  thermal 
modelling  of  the  oven  starts  thus  with  a 
decomposition  of  the  whole  structure  into  some 
number  of  nodes  which  are  considered  as  isothermal. 
So  the  heat  exchanges  between  node  i  and  the  other 
ones  are  described  with  a  set  of  differential  equations 
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Fig.  12  :  Definition  of  nodes  and  heat  exchanges 
in  the  oven 


d'l\ 

Hi  ~  (13) 

N 

J=\,n 

where  Ci  is  the  heat  caj^acity  of  node  i,  nj,  Cjj  and  vij 
are  radiative,  conductive  and  convective  coupling 
coefficients  respectively,  P,  is  the  thermal  internal 
power  dissipated  by  node  t. 

In  the  case  of  interest,  the  oven  has  been  divided  into 
12  nodes  whose  description  is  summarized  in  Table  2. 


Node 

Designation 

1 

Inner  hoi  box  (Kesonutor) 

2 

llul  box 

3 

Inlermediale  shell  (inner  side) 

4 

Intermediale  shell  (outer  side) 

5 

Upper  cover  (lower  side) 

6 

Upper  cover  (upper  side) 

7 

laower  cover  (lower  side) 

8 

Lower  cover  (upper  side) 

9 

Side  shell 

10 

Upper  shell 

11 

Lower  shell 

12 

Koom  lemperature 

r  cr 
‘J  J 


T*l  i-  C  it  -  T  )  +  u  (T  -  T 

1  ij  I  I  ij  J  I 


f  P 


Node 

i 

Node 

j 

Nonlinear 

convective 

coefficient 

(W/K5/4) 

Nonlinear 

radiative 

coefficient 

(W/K4) 

Conductive 

coefficient 

(W/K) 

1 

2 

0  001 

68  10  13 

1  0  103 

1 

10 

1,0  103 

2 

3 

0.028 

1.62.10" 

2 

5 

0.008 

1  3  10" 

0,018 

2 

7 

0  008 

1  3  10  " 

0018 

3 

4 

2  0 

3 

5 

0036 

3 

7 

0  036 

4 

9 

0  08 

3.62.10  " 

4 

10 

005 

4 

11 

0.05 

5 

6 

0.35 

6 

10 

0.007 

2  9  10  " 

7 

8 

0.35 

8 

n 

0.007 

29  10  " 

9 

10 

0.3 

9 

11 

0.3 

9 

12 

0  061 

2.5.10  10 

10 

12 

0  015 

1  25  10  10 

0  13 

11 

12 

0  015 

1  25  10  10 

0  13 

Table  3  :  Thermal  coupling  coefficients  values 
between  nodes 


Table  2 
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Node  1  corresponds  to  the  oscillator  electronics  while 
node  12  is  the  external  medium.  Figure  12  shows 
these  nodes  and  the  kind  of  heat  exchanges  between 
them  as  they  result  by  inspection  of  the  oven 
structure.  Here  should  be  noted  that  in  some  case  all 
phenomena  have  to  be  considered  while  in  other  cases 
only  one  or  two  phenomena  occur.  Moreover,  heat 
exchanges  between  some  nodes  is  so  small  that  they 
can  be  neglected. 

Table  3  shows  the  values  of  the  different  coupling 
coefficients  obtained  from  calculations  or  from 
literature  data. 

A  thermal  simulation  program  has  been  developed  to 
solve  heat  transfer  equations  (13).  The  set  of 
nonlinear  differential  equations  is  solved  by  using  a 
fourth  order  Runge  Kutta  method.  This  program  can 
be  used  to  get  the  temperature  versus  time  response  of 
the  diff^erent  nodes  of  the  model.  To  run  the 
simulation,  the  program  needs  the  external 
temperature  (either  constant  or  function  of  time),  the 
temperature  setting  and  the  coefficients  of  the  PID 
controller. 


Experimental  verifications 

The  validity  of  the  model  previously  described  has 
been  checked  by  using  the  experimental  setup  shown 
on  Fig.  13.  The  temperature  of  the  different  nodes  has 
been  measured  by  thermocouples  and  the  quartz 
crystal  resonator  itself  has  been  replaced  by  a 
platinum  probe.  The  cold  junction  of  the  thermo¬ 
couples  are  gathered  on  a  plate  whose  temperature  is 
measured  by  a  AD590  monolytic  probe.  The 
experiment  is  driven  by  a  microcomputer  which 
measures  the  temperatures  and  stores  the  results. 
The  temperature  can  be  measured  within  0.1°C 
precision. 

Cold  junction  temperature 


Fig.  13  :  Experimental  setup 
for  temperature  measurements  in  the  oven 


Figure  14  shows  the  results  obtained  by  simulation 
and  experiment  for  some  selected  nodes. 


o 


Fig.  14  ;  Comparison  between  simulated  (solid  lines) 
and  experimental  (dots)  temperature  behavior 
for  selected  nodes  in  the  oven 
node  1 ;  resonator 
node  2  ;  hot  box 
node  7  ;  lower  cover  lower  side 
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The  observed  discrepancies  are  mainly  due  to  the  fact 
that  some  heat  exchange  coefficients  are  very  difficult 
to  obtain  by  a  theoretical  calculation.  Moreover  some 
nodes  considered  as  isothermal  may  present  a  marked 
temperature  gradient. 


Conclusion 

As  for  most  of  the  oscillator  simulation  softwares,  the 
present  program  can  be  used  only  for  a  given 
oscillator  structure  and  its  derivatives  obtained  by 
removing  some  components.  However  new  kernels 
can  be  easily  generated  by  using  the  symbolic 
calculation  program  so  as  to  build  up  an  oscillator 
library  covering  the  most  widely  used  circuits. 

Around  the  kernel,  the  program  has  been  developed 
as  to  offers  the  user  some  useful  features  for  the 
oscillator  behavior  analysis : 

-  signal  modification  calculation  when  changing  one 
or  more  component  value 

variation  calculation  by  varying  a  component 
value  between  two  limits  with  a  given  step 

-  calculation  of  the  signal  sensitivity  with  respect  to 
every  circuit  component 

-  component  tolerance  analysis 
worst  case  anaWsis 
temperature  effects. 

In  the  future,  the  program  will  be  completed  by 
implementing  other  environmental  effect  like 
acceleration,  magnetic  field,  noise,  etc. 
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Abstract  -  Tbc  concept  of  nogntivo  circuit  Q  is  introduced 
ee  n  basic  oaoillatox  obaraoterlatio  neeeaaary  for  signal 
growth.  A  liait  cycle  at  steady  etate  causes  the  circuit  Q 
to  increase  asyaptotically  towards  infinity  and  finally 
transition  to  positive  Q.  The  introduction  of  noise  forces 
the  loop  gain  to  be  leas  than  unity  and  the  steady  state  Q 
to  be  finite  and  positive.  circuit  Q  is  then  principally 
detemined  by  a  Uniting  relationship  on  loop  gain. 
Bnanination  of  a  Horton  eguivalent  circuit  for  a  feedback 
oscillator  indicates  that  positive  and  negative  g  branches 
are  present,  and  that  the  olosed*loop  dissipation  factor  is 
nearly  aero.  By  considering  the  oscillator  to  be  a  tuned 
noise  amplifier,  the  steady  state  circuit  Q  la  found  to  be 
a  detemining  factor  in  several  areas  of  oscillator 
characteristics,  including  phase  noise  and  frequency 
nodulation.  ruadamental  limitations  on  modulation  frequency 
for  voltage  controlled  oscillators  are  esamined,  with 
esperimental  data  indicating  the  potential  for 
noa-symmetrical  sidebands  for  modulation  frequencies  greater 
than  fo/ffiL* 


The  corresponding  equation  for  parallel  resonance  is  given 
by 

I.  Introduction  v(t)  •  e  Aoin(w(,t)  (2) 

Oscillator  design  is  typically  based  on  either  snd  Op  *  1/2RC. 

Barkhausen's  criterion  of  unity  loop  gain  and  zero  phase 

shift,  or  negative  circuit  resistance.  It  is  more  conmon  By  considering  energy  loss,  the  corresponding  tine  constants 

for  audio  and  RF  oscillators  to  be  analyzed  with  the  former,  each  case  can  be  written  as 

while  microwave  oscillators  are  often  analyzed  under  the 

premise  of  negative  resistance,  or  its  equivalent,  a  13. 

reflection  coefficient  which  exceeds  unity.  Since  many  ^  P  2Q 

feedback  paths  may  be  present  for  microwave  oscillators,  the 

negative  resistance  approach  is  often  preferred.  It  is  interesting  that  this  is  simply  the  half-bandwidth  of 

More  recently,  Robins  presented  an  analysis  of  phase  the  circuit  in  radians  per  second.  If  the  net  circuit 

noise  based  on  the  premise  that  an  oscillator  is  an  resistance  is  negative,  it  follows  that  the  Q  will  be 

extremely  high  gain  amplifier  which  amplifies  the  residual  negative  and  that  the  signal  envelope  will  grow  in  time, 

noise  in  the  circuit  (1].  It  is  rather  interesting  in  This  simply  infers  that  the  negative  resistor  is  supplying 

Robins'  treatment  that  although  the  principle  of  the  power  rather  than  dissipating  power.  From  the  standard 

oscillator  mechanism  differs  from  earlier  approaches,  the  definition  of  Q,  namely 

resulting  equations  are  essentially  equivalent  to  those 

previously  developed.  o  *  2ir  energy  stored _ 

The  premise  that  an  oscillator  is  merely  an  extremely  energy  lost  per  cycle 

high  gain  noise  amplifier  is  further  developed  in  this 

paper.  Some  relationships  between  the  negative  resistance  ^t  becomes  obvious  that  if  AC  energy  is  being  acquired,  then 

and  feedback  models  are  developed.  Starting  conditions  are  the  net  circuit  Q  must  be  negative  at  start-up.  Since 

first  examined  and  the  analysis  is  then  extended  to  steady  energy  is  also  growing  in  a  relaxation  oscillator,  the  Q 

state.  An  implicit  assumption  is  that  feedback  oscillators  must  also  be  negative,  even  if  there  Is  no  discrete 

can  be  represented  as  negative  resistance  oscillators  (see  frequency  with  zero  phase  shift  around  the  loop!  A  simple 

Appendix  I) .  example  of  this  would  be  the  common  R-C  gate  oscillator. 

It  should  be  noted  that  the  bandwidth  of  a  negative  Q 
circuit  is  exactly  the  same  as  a  positive  Q  circuit.  For 
II. Negative  Circuit  Q  at  Start-Up  illustration.  Figure  2  shows  the  frequency  response  of  two 

circuits  with  positive  and  negative  values  of  Q.  The 

Nearly  every  introductory  circuit  analysis  text  (2)  resonant  frequency  was  arbitrarily  chosen  to  be  10  KHz,  and 

considers  the  damped  RLC  circuit  in  series  and  parallel  simulation  was  performed  with  a  commercially  available 

resonant  form  as  shown  in  Figure  1.  circuit  simulator  [3J. 
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V(  8  ) 


Figure  1.  Series  and  Parallel  Resonant  Circuits  with 
Initial  Conditions 

For  the  series  resonant  circuit 

i(t)  -  «■  ACO»(«Qt)  (1) 


where  c»  »  R/2L. 
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Vout 

I 

1 .59 


Figur*  2.  Fr«qu«ncy  r«»pon»«  tor  r«»on«nt  RLC  circuit. 
To  obtain  tha  valuaa  of  Q,  tha  sign  of  R  waa  changad  froa 
positiva  to  nagatlva. 


although  tha  nagnltuda  of  tha  fraquancy  raaponaa  of  tha 
circuita  ia  idantlcal,  tha  tlaa  raaponaa  and  la^ancaa  of 
these  circuita  are  quite  different.  Although  thla  uy  saan 
peculiar  at  firat,  recall  that  tha  differential  aquation  of 
a  siapla  RIA:  circuit  with  a  driving  source  has  both  a 
complaaantary  and  a  particular  solution.  Phaaor  baaed 
circuit  analyais  in  aaaanca  only  describes  tha  particular 
solution,  and  it  ia  aaauaad  that  tha  coaplaaantary  solution 
which  daacrlbaa  initial  transianta  has  died  out.  Thla  will 
clearly  not  ba  tha  case  tor  a  negative  Q  circuit. 

Figure  3  shows  the  transient  raaponaa  for  these 
circuita  with  a  single  input  pulaa.  To  spaed  up  tha 
simulation  tiaas,  tha  pulse  width  was  chosen  to  ba  half  of 
tha  period  of  tha  natural  rasonant  fraquancy  of  the  circuit. 
Rathar  than  latting  numerical  noise  initiate  oscillation, 
tha  injection  of  a  narrow  pulsa  into  tha  circuit  aaraly 
sp^Ads  up  th«  cycle  Initiatlone 


•  Su  iSu  f9<d  lOw 


Also  note  that  the  driving  point  iepedance  of  a  circuit 
containing  negative  resistance  can  traverse  out  of  the  usual 
range  of  */•  90  degrees.  POb*  a  sieple  resonant  circuit,  the 
change  froa  negative  to  positive  resistance  changes  the 
iapedance  angle  froa  zero  degrees  to  180  degrees  at 
resonance,  as  shown  in  Figure  4. 


FrteMKy  lA  m 

Figure  4.  iapedance  through  series  resonant  circuit. 


Note  that  all  of  the  above  plots  were  aadc  simply  by 
entering  negative  resistance  values  into  the  circuit 
simulator,  and  that  siailar  characteristics  can  be  obtained 
for  any  circuit  exhibiting  negative  Q. 

In  a  typical  series  resonant  oscillator,  the  negative 
resistance  is  approxiaately  2  to  10  tiaes  the  value  of  the 
positive  resistance.  This  condition  is  required  to  ensure 
negative  circuit  Q  and  proper  start-up.  Therefore  the 
closed-loop  circuit  bandwidth  during  the  starting  phase  will 
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9«n«rally  tm  of  th«  sam  ordar  of  aaqnituda  «•  tha  opan-loop 
bandwidth.  Zt  is  this  finita  bandwidth  which  allowa  tha 
raaonant  circuit  to  acquira  tha  anarqy  naadad  for  signal 
growth. 

A  faw  othar  obaarvationa  can  ba  aada  about  tha  naqatlva 
Q  of  a  quartz  oacillator.  It  haa  baan  aapirically  found 
that  tha  aaxiaua  Q  fraquancy  product  of  acoustic  rasonatora 
is  dafinad  by  a  constant.  For  axaapla,  tha  Q  f  product  for 
AT  quartz  rasonatora  is  approxisataly  la  10^^  [4].  Fro*  this 
ralationsh'p,  tha  oacillator  tiaa  constant  for  aariaa 
raaonant  oscillators  is  found  to  ba 


whara  is  tha  crystal  sotlonal  rasiatanca  and  R«xt 
total  oscillator  loop  rasiatanca  axtarnal  to  tha  crystal. 
As  tha  circuit  antara  a  lisit  cycla,  tha  valua  of  will 

changa  so  that  tha  rata  of  growth  will  bacoaa  a  function  of 
signal  anplituda  and  will  ba  raducad. 

Of  coursa,  ona  could  apply  thia  aquation  to  parallal 
raaonant  oscillators  by  substituting  tha  positiva  and 
nagatlva  valuaa  of  conductanca.  Ona  iaplication  of  this  is 
that  if  rapid  start-up  is  raquirad,  as  is  oftan  tha  casa 
with  clock  oscillators  usad  in  digital  circuits,  it  aay  ba 
advantagaous  to  choosa  a  high  fraquancy  for  tha  oscillator 
and  divlda  tha  output  to  obtain  tha  dasirad  fraquancy. 


III.  Additiva  and  Hultiplicativa  Noisa 


nacassarily  a  rasult  of  circuit  nonlinaaritias.  As  notad 
by  Ball  (7],  a  waaicnass  of  Kurokawa's  noisa  aitalysis  [f)  is 
tha  naglact  of  fluctuations  in  raactiva  circuit  alaaants- 
It  would  saaa  that  at  laast  two  possibla  sachanisas  for  low 
fraquancy  flickar  noisa  to  ba  i^tosad  onto  tha  carriar  ara 
1)  paraaatric  aodulation  of  circuit  alaaants  by  low 
fraquancy  noisa  sourcaa  (is.  aodulation  of  saaiconductor 
junction  capacitancas)  and  2)  aixing  of  low  fraquancy  noisa 
as  a  rasult  of  non-linaar  oparation  of  tha  oscillator.  In 
an  analysis  of  PET  oscillators,  Siwaris  and  Schiak  [9]  found 
that  phasa  fluctuations  wars  antiraly  attributabla  to 
gata-aourca  capacitanca  fluctuations,  whila  nonllnaar 
davica  transconductanca  was  rasponsibla  for  asplituda 
fluctuations  {8]. 

Low  fraquancy  flickar  noisa  (actual  fraquancy,  not 
offsat  fraquancy)  is  oftan  considarad  to  ba  a  rasult  of 
aodulation  procassas  and  tharafora  axhibits  aultiplicaciva 
propartias.  For  axaapla,  tha  flickar  noisa  in  rasistors  is 
a  rasult  of  rasiatanca  fluctuations  [14]  and  is  not 
nacassarily  a  consaquanca  of  currant  flow.  Currant  flow 
only  providas  a  aaans  of  datacting  tha  rasiatanca 
fluctuations. 

Rasonator  flickar  noisa  is  cartainly  not  additiva, 
sinca  highar  powar  doas  not  iaprova  noisa  parforaanca. 
Claarly,  tha  rasonator  also  cannot  supply  tha  oscillator 
with  powar,  but  can  only  aodulata  tha  fraquancy  of 
circulating  powar. 

It  is  intarasting  to  nota  that  savaral  axprassions  for 
oscillator  phasa  noisa  appaar  in  tha  litaratura.  For 
axaapla,  Laason  proposad  an  oscillator  noisa  sodal  whara 


Bafora  considaring  tha  oscillator  at  staady  stats,  it 
will  ba  banaficial  to  raviaw  additiva  and  sultiplicativa 
•rnoisa,  as  tha  fundaaantal  charactaristics  of  tha  two  noisa 
sachanisas  ara  vary  diffarant  [5], [6].  Additiva  noisa  haa 
tha  proparty  that  tha  signal  powar  can  ba  incraasad  without 
an  attandant  incraasa  in  noisa  laval.  Thus,  tha  signal-*to- 
noisa  ratio  say  ba  isprovad  by  tachn Lq‘^es  such  as  iapadanca 
matching,  which  incraasa  tha  circulating  powar  in  tha 
oacillator.  In  ganaral,  afforta  to  iaprova  noisa 

parforaanca  with  ragard  to  additiva  noisa  oftan  bacoaa  a 
matter  of  literally  overpower ing  tha  inharant  noisa  of  tha 
circuit.  Additive  noisa  is  usually  doainant  in  tha  noisa 
floor  area. 

In  contrast,  aultiplicativa,  or  oodulation,  noisa 
cannot  ba  isprovad  by  increasing  tha  signal  power  as  tha 
noisa  laval  is  directly  dapandant  on  the  signal  Isval.  A 
siaplifiad  casa  involving  additiva  and  aultiplicativa  noisa 
sources  is  shown  in  Pigurs  9.  whsra  ths  time  varying 
capacitanca  can  aodulata  both  tha  phasa  and  asplituda  of  tha 
cat  tier  signal.  At  rasonanca,  phaaa  fluctuations  will  ba 
such  larger  than  asplituda  f luctuationa.  Claarly, 
increasing  tha  signal  powar  will  iaprova  tha  noise 
parforaanca  with  respect  to  tha  additiva  noise  source ,  but 
will  offer  no  iaprovaaants  with  respect  to  aodulation  noise. 


Figure  5.  Ideal  signal  sourca  with  additiva  and 
aultiplicativa  noisa  sources. 

Susaing  tha  voltages  around  tha  loop  for  this  circuit  gives 

*  ctt7  ***  *  +  V,  («) 

Although  this  is  a  linaar  dlffarsntial  aquation,  tha 

presence  of  tiaa  varying  coafficianta  significantly  altars 
(and  complicates)  tha  aquation.  Tha  capacitor  will 
affactivaly  sarva  to  aodulata  tha  phasa  of  ths  Instantaneous 
voltage  across  its  taminals  such  that  tha  resonant 

fraquancy  bacooes  a  function  of  tiaa.  Claarly,  tha 

capacitor  will  act  as  a  oodulator  and  will  induce  noise  with 

aultiplicativa  characteristics  into  ths  circuit.  Sinca  any 
of  tha  circuit  alaaants  could  ba  tiaa  varying,  ona  could 
ganaraliza  on  this  to  say  that  aultiplicativa  noisa  is  not 


s»  out  -  s,  in  I*  2  t 


One  cooBonly  cited  [ 10] , [ I X ] , ( 12 ]  extension  of  Laason'a 
aodal  which  takas  into  account  upconvartad  flickar  noiaa  la 


while  other  sources  [19]  give  a  fora  similar  to 


where  a  is  tha  flickar  noisa  constant  and  f^  Is  tha  residual 
flicker  noisa  corner  fraquancy. 

In  tha  first  casa,  it  might  seam  that  ell  noisa  sources 
ara  considarad  to  ba  additiva,  while  in  tha  second  case 
tharaal  noisa  la  additiva  and  flickar  noisa  is 
aultiplicativa.  If,  however,  tha  flickar  noisa  corner 
fraquancy  bacoaas  a  function  of  powar  [13],  so  that 

“  aPin/fW  (10) 

then  tha  aquations  rsconcila,  with  ths  exception  of  tha 
factor  of  two  (3dB),  and  all  flickar  noises  ara 
aultiplicativa.  Later  rafinaaanta  of  aq.  (9)  which 
reconcile  tha  3  dB  factor  ara  found  in  raf.  [6]. 

Tha  residual  noisa  corner  fraquancy  (offsat  frequency) 
is  generally  a  function  of  tha  signal  powar  laval,  and  tha 
ona  Hart-z  intercept  point  is  a  davica  constant,  ona  should 
than  not  expect  tha  low  fraquancy  comer  fraquancy,  and 
tha  residual  noisa  corner  fraquancy,  f^,  to  necessarily  ba 
equivalent. 

As  tha  physical  aachanisos  of  flickar  noisa  ara  not 
entirely  clear,  additional  research  into  tha  physics  of 
flicker  noise  and  tha  aachanisas  by  which  low  fraquancy 
noisa  is  iapossd  onto  ths  carrier  needs  to  ba  parforaad. 


IV.  The  Oacillator  at  staady  State  with  Additiva  Noisa 

As  tha  asplituda  of  oscillation  grows,  circuit  liaiting 
begins  to  occur  and  tha  closed-loop  Q  asyaptotical ly 
approaches  infinity  froa  tha  negative  direction.  The 
iapedance  values  at  start-up  changa  as  tha  oacillator  enters 
the  liait  cycle  such  that  tha  positive  and  negative 
resistive  portions  approach  balance.  In  addition,  it  aust 
be  axpactad  that  raactiva  alaaants  say  also  changa  under 
large  signal  conditions  so  that  soaa  fraquancy  changa  will 
occur.  Elaaant  values  usad  in  tha  staady  state  sodal  aust 
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ch«nq«  to  rofXoct  th«  stoady  stata  valuaa. 

As  notad  by  Robins  (1],  an  oscillator  can  ba 
considarad  to  ba  a  vary  hlqh-^ain  tunad  asplKiar.  Tha 
poaitiva  faadback  producas  a  naarly  infinlta  Q  which 
asplifias  any  noisa  prasant  in  tha  circuit.  Robtna  usad 
this  principia  to  show  that  a  pradiction  of  phasa  noisa 
which  is  affactivaly  aquivalant  to  what  is  obtainad  fros 
Laason^s  sodal  (15]  can  ba  darivad  by  standard  circuit 
analysis.  Parran  latar  axtandad  this  principia  by 
introducinq  tha  concapt  of  diffarantial  rasistanca  (16],  and 
showad  that  any  noisas  prasant  in  tha  circuit  causa  a  sliqht 
isbalanca  batwaan  tha  poaitiva  and  naqativa  circuit 
rasistancas.  Diffarantial  rasistanca  was  also  infarrad  by 
Kurokawa  as  a  consaquanca  of  any  chanqas  in  oscillation 
asplituda  (8).  Nota  that,  unlika  Laason's  sodal,  thasa 
sodals  did  not  isposa  tha  rastriction  that  phasa  shift 
around  tha  loop  ba  zaro  for  vary  short  pariods  of  tisa.  As 
will  ba  saan,  this  has  significant  iaplications  for 
multiplicativa  noisa  sourcas  as  wall. 

Hanca,  in  physical  oscillators  sosa  asall  diffarantial 
rasistanca  must  ba  prasant,  and  tha  staady  stata  Q  suat  ba 
poaitiva.  A  nat  poaitiva  circuit  Q  also  isplias  that  any 
circuit  bahavior  dua  to  tha  nagstiva  Q  at  start-up  will 
avantually  dacay  (ia.  tha  hoaoqanaoua  solution  of  tha 
diffarantial  aquation  will  tand  to  zaro  for  Long  tisa 
pariods) . 

Ona  significant  iaplication  of  thasa  analysas  is  that 
siapla  circuit  analysis  can  ba  usad  to  sodal  tha  staady 
stata  oscillator  with  additiva  noisa  if  provisions  for 
non! inaaritias  ara  allowad. 

A  sispla  sarias  rasonant  oscillator  with  a  noisa 
ganaratar  can  ba  usad  to  illustrata  this  affact.  Noisa 
sourcas  at  tha  input  of  tha  asplifiar  ara  rafarrad  to  tha 
outDut  as  shown  in  Figura  6. 


whara  is  tha  rasidual  noisa  at  tha  carriar  and  Vq  is 

tha  output  voltaga  signal.  Nota  that  as  noisa  is  introducad 
into  tha  circuit,  tha  loop  gain  dacraasas  to  a  valua  balow 
unity.  Finally  wa  obtain 

V  (f)  1  +  jQ2f^fo 

-  .  - SI — i -  /2$) 

Vn(f)  1  -  Av  + 


As  f^  -  0.  tha  output  bacosas  quita  sansitiva  to  tha 
voltaga  gain,  or  tha  raaiduai  voltaga  nolaa.  Thia 
aicpraasion  affactivaly  givaa  aquivalant  raaulta  to  tha 
raatatasant  of  Laason'a  sodal  by  Parzan  (i'7].  In  a 
practical  aansa  though,  tha  noiaa  vary  cloaa  to  tha  carriar 
ia  datarsinad  by  a  nusbar  of  factors  such  aa  raaonator 
flickar  noisa,  tharmal  fluctuations,  and  othar  affacta. 
Nota  that  if  Ay  ia  asausad  to  ba  unity  and  tha  voltaga  gain 
ia  convartad  to  powar  gain,  aq.  (16)  ravarta  to  tha  standard 
form  of  Lasson's  axpraaaion  givan  by  aq.  (7). 

Tha  abova  lisiting  condition  on  voltaga  gain  can  also 
bs  vlswsd  as  a  limiting  bstwsan  ths  positivs  and  nsgativs 
circuit  rasistanca.  Conaidar  tha  circuit  of  Figura  7. 


Figura  7.  Faadback  oscillator  with  noiss  currant. 

Of  couraa,  tha  noiaa  currant  could  ba  transforsad  into  a 
noiaa  voltaga  at  tha  fraguancy  of  oscillation,  but  tha 
currant  is  simply  sora  convaniant  in  this  cass.  In  a  aora 
practical  oscillator,  both  voltaga  and  currant  noisa  sourcas 
will  bs  prssant  so  that  noisa  powar  will  vary  with  offset 
frequency.  Aa  darivad  in  Appendix  I,  tha  ispadanca  looking 
into  tha  output  port  of  tha  amplifier  with  tha  load  removed 
will  ba  givan  by 

-I 

r  .  Ji-  .  1  *v^ln  I 

1^0  ZrZln  ■  2o(2rZin)  /  ' 

An  altarnativa  realization  of  this  is  shown  balow  for  tha 
case  whan  Zin  and  Zo  ara  rasltWa  and  equal,  along  with  tha 
noisa  currant  source. 


Figura  8.  Nagativa  Raaiatanca  Modal  of  Faadback  oscillator 
from  Figura  7. 

Clearly,  this  circuit  will  sxhibit  a  high  impadancs  state  at 
raaonanca.  Also  notice  that  tha  Q  of  tha  poaitiva  ispadanca 
branches  of  tha  circuit  is  nearly  squal  to  ths  magnitude  of 
tha  nagativa  ispadanca  branch.  Tha  positive  Q  ia  tha  same  Q 
as  ons  would  obtain  from  ths  sora  conventional  approach  of 
using  tha  open-loop  phasa  slope  (ia.  tha  loaded  Q  in 
L«ason'a  modal).  It  ia  aimpla  to  show  that  tha  Q  of  either 
a  sariaa  or  parallel  rasonant  circuit  having  two  resistive 
aiamants  ia  obtainad  from  tha  reciprocals  of  tha  Q  for 
either  alamant,  so  that  it  would  ba  expected  that  tha 
magnitudes  of  tha  poaitiva  and  nagativa  Q  branches  ba  naarly 
equal.  That  is  to  say,  tha  closed-loop  Q,  is  obtained 
from 


and  it  is  Icnown  that  tha  closed-loop  Q  is  nearly  infinite. 
Thus,  it  is  saan  that  Qp  -  -  Qf,-  Since  dissipation  factor  is 
tha  reciprocal  of  Q,  It  is  saan  from  aq.  (18)  that  tha 
closed-loop  dissipation  factor  is  naarly  zaro.  In  essence, 
noisa  aignals  within  tha  3  dB  bandwidth  of  tha  nagativa  Q 
branch  are  amplified  by  tha  nagativa  raaiatanca.  For  this 
aimpla  circuit,  tha  transition  from  white  phase  (flat)  to 
white  frequency  (20  dB/dacada)  noisa  will  ba  datarmlnad  by 
fo/2Qp,  which  ia  tha  same  result  aa  obtainad  from  Laaaon's 
sodal.  By  including  flickar  noisa  aourcaa,  tha  10  and  30 
dB/dacada  alopa  regions  can  also  ba  obtainad. 
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Of  courM,  if  th«  n*9ativ«  rMistanc*  is  «xactly 
•qu«i  to  tho  poaitivo  rasiatanca,  than  tha  total  circuit 
axhlbita  an  Infinita  Q.  Sinca  thia  ia  claarly  not  tha  caaa, 
tha  flnita  aignal  pouar  iapllaa  a  liaitinq  ralationahip  on 
loop  gain,  or  aquivalantly  nagativa  raaiatanca.  Parzan  haa 
uaad  thia  concapt  to  ahow  that  phaaa  noiaa  can  ba  aatiaatad 
without  opaning  tha  loop  by  uaing  tha  diffaranca  batwaan 
poaitiva  and  nagativa  circuit  raaiatanca,  taraad  dR,  and  tha 
raaulting  high  circuit  Q. 

It  can  now  ba  aaan  that  a  nagativa  raaiatanca  circuit 
can  ba  uaad  to  aatiaata  phaaa  noiaa  through  uaa  of  Laaaon'a 
aodal,  and  that  aithar  tha  poaitiva  or  nagativa  Q  aay  ba 
uaad  to  dataraina  tha  tranaition  fraquancy  of  fo/^Of  Noiaa 
at  fraquanciaa  within  thia  bandwidth  ara  aiaply  aaplifiad  by 
tha  nagativa  circuit  raaiatanca.  Although  thia  approach 
doaa  not  axplictly  raquira  that  tha  cloaad*loop  gain  ba 
datarainad,  tha  loadad  or  poaitiva  Q  auat  ba  datarminad. 
Thia  aay  not  ba  a  trivial  taak  in  oacillatora  having 
aultipla  faadback  patha,  or  in  oacillatora  whara  circuit 
iapadancaa  ara  graatly  diaturbad  by  opaning  tha  loop. 

Altarnativaly,  givan  an  intlaita  knowladga  of  noiaa 
aourcaa  in  tha  circuit  and  tha  axact  loop  gain,  ona  can 
obtain  tha  noiaa  parforaanca  by  aiapla  circuit  analyaia.  It 
ia  not  nacaaaary  to  axpllcitly  dataraina  tha  loadad  Q  with 
thia  approach. 


V.  Tha  Oaclllator  at  Staady  Stata  with  Hultiplicativa  Noiaa 


Fo/2Q 


log  F 

Figura  9.  Fraquancy  raaponaa  with  varying  Q  and  conatant 
phaaa  modulation  in  tha  paaaband. 

Nota  that  whila  tha  ia  conatant  in  tha  paaaband,  tha  f~2 
attanuation  for  fraquanciaa  outaida  of  f^/SQ  in  affact 
yialda  fa  outaida  of  tha  paaaband.  By  including  an 
aaplifiar  in  tha  circuit,  an  opan'>Ioop  oaclllator  could 
alao  ba  charactarizad  in  tha  pracaading  aannar,  with  tha 
aaplifiar  aarving  aa  tha  phaaa  modulator. 

From  aq.  (20),  it  bacomaa  apparent  that  tha  caaa  of 
raaonator  fraquancy  fluctuationa  (or  any  othar  fraquancy 
modulator)  producaa  a  different  family  than  tha  caaa  of 
conatant  phaaa  fluctuationa,  aa  aho%m  in  Figura  10.  Whila 
phaaa  fluctuationa  inaida  tha  paaaband  incraaaa  by  tha 
reduction  in  bandwidth  yialda  a  conatant  fractional 
fraquancy  fluctuation  outaida  of  tha  paaaband. 


Conaidar  again  tha  aiapla  aariaa  raaonant  circuit  of 
Figura  S.  Thia  circuit  will  have  a  3  dB  bandwidth  givan  by 
fo/Q*  ^  example  of  a  circuit  with  a  time  varying  raaonanca 
such  aa  thia  would  ba  a  cryatal  which  la  being  mechanically 
vibrated.  Aa  damonatratad  by  Oriacoll,  a  raaonator  in 
vibration  which  ia  driven  by  a  ainuaoidal  generator  will 
induce  phaaa  modulation  aldabanda  within  tha  raaonator 
bandwidth,  and  tha  aldabanda  will  ba  attenuated  by  the 
raaonator  outaida  of  tha  loadad  bandwidth  (iS).  For  tha 
caaa  of  a  aingla  raaonator,  tha  aldabanda  will  roll-off  at 
approximately  20  dB/dacada  for  fraquanciaa  wall  outaida  of 
tha  paaaband*  confirmed  in  tha  data  of  Oriacoll. 

It  ia  important  to  aaa  that  if  tha  frequency  of  tha 
raaonator  ia  being  modulated,  tha  anauing  phaaa  modulation 
bacomaa  a  function  of  tha  loadad  Q,  aa  daacribad  by  Parker 
(6).  An  altamativa  way  of  viewing  this  can  ba  found  in  tha 
aquation 


ae  •  -  2irr-aF  -  aQ»  ^  (19) 

dw  9  *0 

Increasing  tha  loadad  Q  causes  a  proportional  increase  in 
group  delay,  so  that  tha  phase  fluctuationa  increase.  Thia 
oust  ba  ao,  sinca  an  incraaaa  in  loadad  Q  cannot  improve  tha 
stability  of  a  circuit  where  tha  raaonator  fraquancy  is 
fluctuating.  Uaing  aq.  (19),  tha  apactral  density  of  phase 
fluctuations  for  a  resonator  is  related  to  tha  apactral 
density  of  fractional  fraquancy  fluctuationa  by 

S.R(f)  -  (2QL)^SyR(f)  (20) 

If  the  total  open-loop  phase  fluctuations,  S^',  ara  caused  by 
soma  combination  of  phase  fluctuations,  and  fraquancy 

fluctuationa, Sy' ,  than 

s»'  -  S.e'  .  «QT,^Sy’  (21) 

This  leaves  tha  dllemaa  of  separating  and  Sy  from 

maasuremants.  By  axparimantally  evaluating  ^y' 

can  ba  found  from 


aQl'BQl  ^ 


(22) 


ao  that  tha  fraquancy  fluctuations  can  ba  datarminad. 
Whathar  a  particular  device  is  predominantly  a  phase  or  a 
fraquancy  modulator  is  assantially  datarminad  by  tha  change 
in  phase  noise  with  respect  to  loadad  Q. 

Returning  to  tha  circuit  of  Figura  5,  if  tha  source  and 
load  resistances  ara  reduced  whila  maintaining  constant 
phase  fluctuationa  in  tha  paaaband,  than  tha  circuit 
bandwidth  will  decrease.  As  aho%m  in  Figura  9,  a  family  of 
curves  can  ba  generated  as  tha  circuit  Q  ia  varied. 


log  F 

figure  10.  riwH^anu*  leFpcns*  with  varying  ^  and  constaut 
fraquancy  modulation  of  tha  raaonator. 

If  tha  source  and  load  raaiatora  could  ba  made 
arbitrarily  small,  tha  circuit  Q  would  approach  infinity  and 
any  phaaa  modulation  sidebands  would  roll  off  at  20 
dB/dacada  for  a  aingla  pole  faadback  network.  Thus,  in  tha 
limit  as  Q  -  any  phaaa  modulation  sidebands  will  ba 
attenuated  at  20  dB/dacada,  and  will  assantially  appear  as 
f,  sidebands  outside  of  tha  paaaband.  Of  course,  there  is  a 
physical  limit  as  to  how  small  tha  circuit  raaistancas  can 
become.  In  addition,  to  obtain  any  useful  output  power  in 
tha  load,  tha  circulating  currant  will  ba  impractically 
large.  However,  if  tha  source  resistance  ia  allowed  to 
taka  on  nagativa  values  whila  tha  load  remains  poaitiva, 
than  tha  circuit  Q  can  approach  infinity  and  useful  output 
power  can  ba  obtained.  In  addition,  aithar  phase  or 
fraquancy  modulation  by  loop  components  will  show  up  as 
fraquancy  modulation  across  tha  load  due  to  tha  filtering. 
Thia  is  exactly  tha  behavior  which  would  describe  an 
oaclllator. 

Thus,  an  oscillator  can  ba  viewed  as  tha  limiting  case 
of  a  filter  whara  circuit  resistors  can  taka  on  nagativa 
values  such  that  tha  width  of  tha  paaaband  approaches  zero 
Hertz  and  tha  circuit  is  driven  by  noise  generators. 
All  aquations  for  open-loop  can  now  ba  applied  to  tha 
closed-loop  case  if  tha  large-signal  gain  is  adjusted  to 
produce  tha  proper  Q.  In  addition,  white  noiaa  sources 
inside  tha  loop  generate  signals  which  ara  filtered  to 
produce  a  response,  provided  that  tha  circuit  haa  a 
single  resonance,  so  that  phase  modulation  is  converted  into 
fraquancy  modulation. 

realisation  provides  additional  insight  into 
othar  areas  such  as  factors  which  limit  tha  rate  of 
modulation  in  oacillatora  and  other  oscillator  phenomenon. 
For  example,  it  bacomaa  apparent  that  with  a  faadback 
network  providing  20  dB  par  decade  of  attantuation,  there 
is  assantially  no  upper  limit  on  tha  maximum  frequency  of 
modulation  by  an  external  source,  aa  noted  by  Bamaa  (5). 
Of  course,  thia  aaaumas  that  tha  modulation  index  ia  large 
enough  that  sidebands  do  not  become  masked  by  tha  intrinsic 
oscillator  noiaa.  However,  if  tha  faadback  network  haa 
soma  other  response,  such  aa  a  spurious  mode  in  the  crystal , 
than  soma  deviation  from  ideal  fraquancy  modulation  will 
occur.  Deviations  from  an  ideal  single  pole  faadback 
network  in  tha  oaclllator  can  than  ba  aaan  as  a  possible 
source  of  distortion  in  fraquancy  modulation  syatama. 
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A  vibrating  cryatal  oscillator  can  bs  ussd  to 
illustrata  tha  offsets  of  rssonator  frsqusncy  noiss.  For 
purposss  of  illustration,  tbs  vibration  is  aasuMd  to  bs 
randoa  with  a  unifom  spsctral  dsnsity  as  sho%m  in  tha  uppar 
plot  of  Figura  11-  It  is  wail  known  that  tha  fraquancy  of  a 
vibrating  crystal  can  ba  sodulatsd  by  axtarnai  sachanical 
vibrations  [19).  Tha  typical  opan-loop  noisa  of  a 
crystal  rssonator  and  aaplifiar  undar  static  conditions  and 
in  vibration  would  than  ba  as  shown  in  Figura  ll.  If  tha 
circuit  Q  is  incraasad  to  a  naarly  infinita  vaiua,  than  tha 
vibration  will  ba  saan  to  indues  fraquancy  aodulation. 


log  f 

Figura  11.  vibration  profila  with  corrasponding  opan-  and 
closed' loop  noisa. 

Insida  tha  opan  loop  bandwidth,  phase  aodulation  by  tha 
resonator  will  be  upconverted  to  frequency  modulation,  and 
outside  of  the  loop,  the  phase  modulation  is  a'^-enuated  by 
20  dB  per  decade  under  closed-loop  conditic  .  If  the 
vibration  has  a  characteristic  such  that  tne  resonator 

exhibits  flicker  noise,  then  the  correspondlnq  closed-loop 
noise  will  roll  off  by  f"^,  both  inside  and  outside  of  the 
loop  until  tha  noisa  floor  is  reached.  It  would  be  elected 
that  the  same  results  would  apply  under  static  conditions, 
as  well,  for  the  case  of  resonator  flicker  noise. 

It  must  be  noted,  however,  that  there  appears  to  be 
some  discrepancy  on  whether  flicker  noise  of  a^resonator 
outside  of  the  loop  bandwidth  will  drop  off  by  or  f  . 
Experimental  data  by  Walls  and  Wainwriqht  in  shows  a 

f'  behavior  [20]  and  sore  recently,  Kroupa  also  suggests 
f-2  characteristics  (21].  As  was  noted  by  Kroupa  though, 
work  done  by  Gagnepain  and  others  would  inter  a  f 
response  outside  of  the  resonator  bandwidth  [22]. 

It  is  well  known  that  a  f*  randoa  vibration 

spectral  density  Induces  a  -30  dB/decade  response  in  the 

spectrum  of  an  oscillator,  both  inside  and  outside  of  the 

open  loop  bandwidth  [19).  However,  unless  the  residual  f 
noise  of  a  resonator  exhibits  different  properties  than 
resonator  noise  induced  by  fl  mechanical  vibration,  one 
would  expect  a  f’  oscillator  response  for  residual 
resonator  flicker  noise,  both  inside  and  outside  of  tne 
op«n-loop  bandwidth. 

A  simple  experiment  was  performed  to  support  the 

contention  that  an  oscillator  is  merely  a  tuned  noise 

amplifier,  and  that  phase  modulation  sidebands  are  filtered 
by  the  extraordinarily  high  circuit  Q  to  produce  frequency 
modulation  sidebands.  A  voltage  controlled  crystal 
oscillator  (VCXO)  was  constructed  with  a  second  crystal  and 
series  resistor  placed  in  parallel  with  the  first  crystal 
as  shown  in  Figure  12.  The  series  resistor  was  chosen  to 
ensure  that  the  circuit  was  oscillating  only  on  the  first 
resonator.  Sidebands  were  measured  as  a  function  of  the 
modulation  f requency . 


Ffaquanay 


Figure  12.VCXO  with  Two  Crystals  and  neasured 
Sideband  Levels. 

Although  some  departure  from  ideal  fm  occured  in  the  lower 
sideband,  the  upper  sideband  clearly  shows  that  the  second 
resonator  allows  high  amplification  of  the  induced  sideband 
by  the  circuit  negative  resistance.  The  frequency  of  high 
sideband  amplification  corresponds  to  the  difference 
frequency  between  the  parallel  resonant  frequencies  of  the 
two  resonators.  It  should  be  noted  that  tha  second  order 
sideband  was  also  very  pronounced  when  the  modulation 
frequency  was  half  the  difference  frequency.  In  f^ct,  at  a 
aodulation  frequency  of  3800  Hz,  the  first  upper  sideband 
was  '50.2  dBc.  and  the  second  order  sideband  was  >38.2  d&c. 
located  7600  Hz  above  the  carrier. 

One  would  conclude  from  this  that  the  mechanism  of 
frequency  modulation  is  more  involved  than  simply 
maintaining  zsro  phase  shift  around  the  loop  at  all  times, 
and  that  the  concurrent  amplification  and  filtering  of 
phase  modulation  sidebands  say  provide  a  realistic  model  of 
oscillator  performance. 

It  alao  becomes  apparsnt  that  the  resonators  for 
wideband  VCXO's  oust  be  free  of  strong  spurious  modes  within 
the  aodulation  frequency  bandwidth. 


VI.  Nonlinear  Considerations 

The  preceeding  discussion  is  based  on  linear  models  of 
the  oscillator.  As  the  oscillator  enters  into  a  limit  cycle, 
nonlinear  operation  will  result.  Using  the  principle  of 
harmonic  balance,  a  small  signal  model  of  the  oscillator  can 
be  contructed.  The  equivalent  impedances  can  be  determined 
from 


where  n  represents  the  harmonic  number.  The  voltages  and 
currents  can  be  determined  by  performing  a  transient 
analysis  followed  by  a  Fourier  transform  on  the  non-linear 
circuit,  or  by  other  appropriate  nonlinear  techniques  such 
as  harmonic  balance.  The  impedance  values  can  then  be  used 
to  form  the  small  signal  model  for  the  fundamental  signal 
used  in  subsequent  analyses.  Accuracy  limitations  may 
mandate  some  trimming  on  the  amplifier  gain  to  maintain  tne 
appropriate  oscillation  level.  It  is  interesting  to  note 
that  the  circuit  impedances  at  the  various  harmonics  can  be 
transformed  to  the  time  domain  to  obtain  what  is  effectively 
sampled  impedance  in  the  time  domain. 

Finally,  some  limitations  of  this  approach  are  noted. 
As  shown  by  Grozkowski  [23],  the  principle  of  reactive  power 
balance  implies  that  harmonic  content  may  influence  the 
frequency  of  an  oscillator.  Groszkowski 's  result  is  a 
consequence  of  conservation  of  energy,  and  does  not  consider 
that  impedance  values  are  affected  by  circuit  limiting. 
This  implies  that  even  if  the  fundamental  impedance  values 
for  nonlinear  elements  are  used  in  a  small  aignal  analysis, 
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th«  total  circuit  Impadancaa  will  not  praciaaly  balanca. 
Howavar,  tho  affact  ia  proportional  to  so  that  arrora 
vill  ba  quita  aaall  for  hiqh  Q  circuita.  in  addition,  othar 
nonllnaar  af facta  auch  aa  aquaqqinq  dua  to  low  fraquancy 
tiaa  conatanta  aay  ba  praaant.  Thaaa  typaa  of  bahavlora 
uaually  bacoaa  iaaadiataly  apparant  whan  tha  raal  oacillator 
ia  conatructad.  and  biaa  valuaa  or  tiaa  contanta  ara  altarad 
to  aliainata  tha  bahavior. 


VII.  Suaaary  and  Conclualona 

It  haa  baan  ahown  that  tha  total  circuit  Q  of  an 
oacillator  la  naqativa  during  tha  atarting  phaaa.  and 
avantually  tranaitiona  into  an  axtraaaly  larga  poaitiva  Q 
circuit  during  tha  Halt  cycla.  Addltiva  and 
Bultiplicativa  noiaaa  hava  baan  axaainad  in  faadback  and 
nagatlva  raaiatanca  oacillatora.  and  tha  tranaforaation 
batwaan  faadback  aodala  and  nagatlva  raaiatanca  aodala  haa 
baan  axaainad.  By  axaaining  a  aiapla  RLC  circuit,  it  ia 
alao  saan  that  a  continuoua  tranaition  ^an  ba  aada  batwaan 
opan-  and  cloaad-loop  circuita  by  allowing  circuit 
raaistancaa  to  taka  on  nagatlva  valuaa. 
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Xpp«ndix  X . 

N«g«tiv*  I^«danc«s  in  a  Siapla  Paadback  Oscillator. 


If  raveraa  tranaslssion  affacts  ara  Includad  In  tha 
faadback  network,  than  a  sispla  oscillator  can  be  described 
as  shown  below.  All  alesants,  including  the  voltage  gain, 
can  be  complex.  It  is  desired  to  datarsiina  the  inpedance 
looking  into  all  three  ports  -  input,  output,  and  feedback. 
Test  currents  are  indapandently  applied  to  each  port  to 
determina  tha  iapadance  (ia.  i2  and  i3  ara  zero  when  ii  is 
appl led) , 


Feedback  Oscillator 


Sumsing  voltages  around  the  loop  yields 

Vl  -  (il  +  if)2ln  -  AvVi  '  tj(2o  +  2f) 


w  w,.  7  :  ’  oscillator  conflguratio 

be  obtained  with  proper  placaaent  of  circuit  olsMnts. 
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SO  that 

'll  ^ln(^o*^tl 

1,  '  '  Zo+2,+Zi„(l-^v)  • 

Clearly,  Ch«  lapadanc*  can  ba  aada  naqatlva  vlth  sufficlant 
9ain.  leaking  into  tha  taadback  port  glvaa 


Vi  >  Va  .  AvVi  -  -  i; 


Using  Vj  >  ^2^1n/^f 

Zj  -  — 


h 

h 


While  suuing  currents  at  tha  output  port  gives 


U  - 


'>3  ^  *vZlnV3 

*  l(Zin**f>Zo 


-^1 

ZoJ 


Rearranging  this  to  obtain  the  iepedance 


^  .  Zj  .  /i_  .  _i - Min -  1 

^3  1^0  / 


An  alternative  realization  of  Z3  is  shown  below. 
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Abstract 

In  this  paper,  an  analysis  method  of  the  start-up  charac¬ 
teristics  of  crystal  oscillators  has  been  presented.  First,  the 
origin  causing  oscillation  to  start  just  after  d.c.  power  supply 
is  switched  on  has  been  discussed  by  means  of  a  computer- 
aided  analysis  and  a  small  signal  equivalent  circuit  analysis. 
Then,  this  analysis  method,  suitable  for  practical  uses,  has 
been  outlined  which  can  calculate  both  the  overall  start-up 
characteristics  of  the  amplitude  and  frequency  of  oscillation. 
Finally,  experimental  results  have  been  given  to  verify  the 
usefulness  of  this  analysis  method. 

Introduction 

Many  investigations  on  the  start-up  behavior  of  crystal  os¬ 
cillators  from  the  initial  oscillation  to  the  steady-state  oscil¬ 
lation  have  been  made  from  the  age  of  vacuum  tubes.  It  has 
been  shown  by  experiments  that  the  amplitude  of  oscillation 
increases  in  an  exponential  manner.  In  one  of  the  publica¬ 
tions  of  lEC  (International  Electrotechnical  Commission),  an 
approximation  formula  has  been  given  to  calculate  the  start¬ 
up  time  [I],  The  formula  also  indicates  that  the  amplitude 
of  oscillation  increases  exponentially,  however,  the  method 
of  determining  the  initial  and  the  steady-state  amplitude  of 
oscillation  has  not  been  shown  in  it.  f'onsequently,  this  for¬ 
mula  can  not  be  applied  to  the  calculation  of  the  start-up 
time.  Since  the  origin  causing  oscillation  to  start  has  not  yet 
been  clarified,  the  calculation  of  the  overall  start-up  charac¬ 
teristics.  including  both  the  amplitudes  and  frecpiencies  of 
oscillation,  can  not  be  done  in  principle. 

!i  would  be  possible  to  calculate  the  overall  start  up  char- 
ai  teristics  by  using  general-purtiose  circuit  simulators  such 


as  SPICE.  However,  the  total  computation  time  is  vast  be¬ 
cause  the  quality  factor  Q  of  a  crystal  resonator  is  so  high 
that  the  number  of  period  of  oscillation  up  to  the  steady- 
state  is  even  over  the  order  of  Q.  Accordingly,  this  calculation 
method  is  not  suitable  for  practical  uses.  In  this  pa|)er.  we 
attempt  to  develop  a  simple  analysis  method  of  the  overall 
start-up  characteristics. 

In  the  first  section,  we  discuss  the  start-up  behavior,  es¬ 
pecially  the  origin  causing  oscillation  to  start,  i.e.  oscillation 
triggering,  by  using  the  simulator  SPICE  and  a  small  signal 
equivalent  circuit  analysis  method.  In  the  next  section  our 
analysis  method  of  the  overall  start-up  characteristics  is  out¬ 
lined.  In  the  last  section,  experimental  results  to  verify  the 
usefulness  of  present  analysis  method  are  de.scribed. 

Start-up  Behavior  of  Oscillator 

The  oscillator  circuit  configuration  considered  here  is  the 
very  common  Colpitis  crystal  oscillator  using  a  bipolar  tran¬ 
sistor,  a-id  is  shown  in  Fig.  1.  The  left  side  of  the  terminals 


Figure  1:  r'e/pit/.s  crystal  oscillator  circuit . 

1-1’  in  Fig.  1  is  a  usual  equivalent  circuit  of  a  crystal  res- 
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onalor  with  paramelprs  given  in  I'ahle  1.  The  Gurnmel-Pcon 
iiKxlel  for  l>i|)(>lar  transistors  is  used  in  circuit  simulation. 

l  alde  1:  K(|uival<'nt  circuit  jiarameters  of  crystal  resonator. 
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1.87  X  10"- 

1  3.3  X  10-2 

11.9 
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The  overall  start-up  behavior  of  oscillation  in  this  circuit 
is  evaluated  by  means  of  a  computer-aided  analysis  method. 
I'he  start-up  behavior  of  the  oscillation  current  I  through 
the  terminals  2-2'  is  analyzed  by  using  SPICE  vvith  a  usual 
transient  analysis  option.  In  this  analysis,  d.c.  supply  is 
treated  as  an  ideal  step  voltage  without  any  random  noise 
sources  which  are  usually  considered  as  oscillation  triggers. 
The  simulation  result  of  the  oscillation  current  /  is  shown 
in  Fig.  2.  As  shown  in  this  figure,  the  oscillation  amplitude 


motional  arm  of  crystal  resonat(jr. 

suddenly  builds  up  to  a  certain  value  when  d.c.  supply  is 
turned  on.  Fhen.  the  amplitude  of  oscillation  I  increases  in 
an  exponential  manner,  in  other  words,  it  increases  linearly 
in  logarithmic  scale.  Finally,  the  oscillaticrn  amplitude  grad¬ 
ually  approaches  the  steady-state  level.  It  took  very  long 
run-time  to  obtain  this  simulation  result.  For  instance,  it 
costeil  about  7  hours  of  CIM'  time  for  a  20  A/ //'.S’ worksta¬ 
tion  to  get  only  one  point  data  at  10  [ms].  Fherefore,  usual 
transient  analysis  methoils  for  the  calculation  of  the  overall 
slart-n|)  c  haracteristic  is  obviously  not  suitable  for  practical 


uses. 

In  order  to  clarify  the  origin  causing  oscdlatioii  to  start, 
the  oscillation  current  /  and  the  voltage-  ac  ross  the  n-sonator 
were  evaluated  in  the  first  several  oscillation  periods  with 
relatively  small  steps  in  transient  analysis  of  .SPICE.  .\< 
cording  to  this  simulation  results,  it  has  been  shown  that 
there  appeared  a  step-like  voltage  across  the  rescuialor  when 
the  initial  oscillation  current  /  begun  to  oscillate,  just  after 
d.c.  supply  is  turened  on  as  seen  in  Fig  2.  Fite  rise  time 
of  the  ste])-like  voltage  is  even  as  short  as  the  order  of  10“'® 
seconef. 

In  the  well-known  Gummcl-Poon  model  ferr  bipolar  tran¬ 
sistors,  there  are  only  two  junction  capacitances  on  basc-- 
to-collector  and  base-to-ernit ter  and  a  base-spreading  resis¬ 
tance  before  an  operating  point  of  a  transistor  builds  u|). 
Therefore,  the  circuit  shown  in  Fig.  2  can  be  e()uiyalently 
converted  to  the  circuit  shown  in  Fig.  3  immediately  after 
the  application  of  d.c.  supply.  Usually,  the  junction  capaci- 


Figure  3;  Ficpiivalent  circuit  immediately  after  the  a|)plica- 
ticjn  of  d.c.  supply, 

tances  of  a  transistor  for  high-frecpiency  use  are  so  small  t  hat 
the  junction  capacitances  are  charged  much  faster  than  other 
capacitances  in  the  oscillator  circuit,  and  hence,  the  stefsiike 
voltage  ap|)ears  acro.ss  the  resonator.  Fhen  the  motional  arm 
of  the  ecpiiyalent  f  ircuit  of  the  resonator  is  triggere(l  simul¬ 
taneously  by  this  stefsiike  voltage  and  the  current  /  starts 
to  oscillate  and  remains  constant  due  to  the  high  Q  value  of 
the  resonator  untill  the  operating  point  of  a  transistor  is  es- 
tablisheil.  Both  of  the  rise  time  and  the  value  of  the  steislike 
Voltage  can  be  estimated  using  this  small  signal  e<|uiva|ent 
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( ircuit  shown  in  Fig.  .'5,  and  therefore,  the  initial  amplitude 
of  oscillation  current  /  can  be  calculated  using  the  motional 
arrTi  parameters,  i.e.  the  LC R  ecpiivalent  circuit  of  the  res¬ 
onator  with  the  applied  step-like  voltage  across  it. 

Based  on  these  discussions,  it  has  been  shown  clearly  that 
d.r.  supply  switching  is  the  most  important  oscillation  trig¬ 
ger  in  this  circuit  configuration  and  a  circuit  simulation  can 
be  performed  without  any  random  noise  sources  in  the  oscil¬ 
lator  circuits. 

Outline  of  Analysis  Method 

As  shown  in  Fig.  d,  a  crystal  oscillator  can  be  equivalently 
converted  to  a  series  LC R  circuit  where  L  is  the  motional 
inductor  ii  of  the  resonator,  C  and  R  are  determined  by 
the  parameters  of  resonator  Cj,  /?i,  and  the  active  circuit’s 
negative  resistance  —Ri.  and  equivalent  capacitance  Ci  con¬ 
taining  the  shunt  capacitance  Co  of  the  resonator.  From  the 


Figure  4:  Equivalent  circuit  of  crystal  oscillator. 


well-known  property  of  the  series  LCR  circuit,  the  start-up 
time,  denoted  as  t,  is  given  as  follows; 


t  = 


2L,  h 

Rl-Ri  "/o’ 


(1) 


where  /q  is  the  initial  amplitude  of  the  oscillation  current  / 
and  /,  is  its  amplitude  at  the  steady-state.  The  lEC  publica¬ 
tion  [1]  gives  the  same  formula  for  calculation  of  the  start-up 
time.  However,  due  to  the  nonlinearity  of  a  transistor,  both 
magnitude  of  the  equivalent  capacitance  Cl  and  that  of  the 
negative  resistance  — ///,  change  with  oscillation  signal  level, 
i  e.,  the  level  of  the  oscillation  current  /.  Therefore,  the 
start-uf)  time  calculated  by  F>p  (1)  is  valid  only  in  the  lin- 
earlv  increasing  region  as  seen  in  Fig.  2.  In  a  relatively  short 


time  interval  At,  however,  this  LCR  circuit  can  be  treated 
as  a  linear  circuit  since  Q  is  so  high  In  other  words,  both 
the  equivalent  capacitance  Cj  and  the  negative  resistance 
—  Rl  can  be  considered  approximately  as  linear  elements  in 
such  a  short  time  interval.  Therefore,  the  iiu  reinent  A/  of 
the  oscillation  current  I  in  this  circuit  cab  be  calculated  by 
using  Eq.  (1)  in  this  short  time  interval  At  as  shown  below; 


where  the  negative  risistance  —Rl(I)  is  a  function  of  the  cur¬ 
rent  level  I  only  and  not  of  the  increment  A/.  F’urtherinore, 
by  employing  the  relation  betw'een  the  resonator  current  level 
and  the  negative  resistance,  the  overall  amplitude  character¬ 
istic  from  the  start-up  to  the  steady-state  can  be  calculated 
by  integrating  the  contributions  in  every  short  time  interval. 
The  initial  amplitude  of  the  resonator  current  /  can  be  cal¬ 
culated  by  using  a  conventional  simulator,  and  the  level  of 
the  resonator  current  /,  at  the  steady-state  can  be  calculated 
from  the  condition  that  the  negative  resistance  —  Rl  is  equal 
to  the  equivalent  resistance  /?i  of  the  resonator  [2]. 

On  the  other  hand,  the  start-up  characteristic  of  oscillation 
frequency  can  easily  be  obtained  by  the  above-mentioned 
idea.  Here,  the  calculation  formula  for  frequency  is  given  as 
follows; 


where 


C'(I)  = 


C,Cl(I) 

C. +  ca/)’ 


^  Rl(1)-Rx 

2L.  ' 


and  the  equivalent  capacitance  Cl(I)  is  a  function  of  the 
current  level  I . 


Experimental  Results 

The  analysis  method  presented  in  the  above  section  was  af)- 
plied  to  two  circuit  examples  designed  by  different  policies. 
Circuit  no.  I  was  designed  to  have  a  small  margin  of  the 
nagative  resistance  (  — Ci)  at  small  signal  levels,  while  circuit 
no.  2  is  opposite.  The  two  circuits  have  the  same  oscillation 
current  I,  at  the  steady-state  to  see  the  differences  of  the 
start-up  characteristics  between  them.  Their  circuit  param¬ 
eters  are  listed  in  Table  2  where  Ro  an<l  Cv.f'c  are  set 
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Table  2:  Two  circuit  design  examples. 


t  [bs] 

Figure  5:  Start-up  characteristics  of  voltage  across  the  ter¬ 
minal  of  resonator  of  the  two  circuits. 

to  be  equal  for  design  convenience  and  Ic  is  a  d.c.  operating 
point  of  the  transistor. 

By  using  the  present  analysis  method,  the  overall  start¬ 
up  characteristics  of  the  oscillation  current  /  in  these  two 
circuits  were  easily  obtained  only  in  about  10  minuts  of  CPU 
time  including  the  calculation  time  of  the  charactristics  of  the 
current  level  I  versus  the  equivalent  capacitance  Ci,(/)  and 
the  nagative  resistance  —/?£,(/).  The  relative  errors  of  time 
were  under  1%  compared  with  the  results  by  usuril  transient 
analysis  methods  at  the  same  current  level  shown  in  Fig.  2. 

Compariaion  between  experiment  and  calculation  was 
made,  and  the  results  are  shown  in  Fig.  J.  The  curves 
show  the  amplitude  of  the  voltage  U(,  across  the  terminal  of 
the  resonator  by  multiplying  the  amplitude  of  the  current 
I  by  the  input  impedence  of  the  terminals  2-2’  shown  in 
Fig.  4.  Good  agreement  between  experiment  and  calcula¬ 
tion  demonstrated  that  the  present  analysis  method  is  quite 
effective  for  practic2il  iise.s. 

Evaluation  of  the  overall  start-up  characteristics  of  oscilla¬ 
tion  frequency  of  the  two  circuits  v/aa  also  2u:hieved  by  using 
Eq.  (.1).  The  results  are  shown  in  Fig.  6  where  the  ordinate 
describes  the  relative  variation  of  start-up  frequency  to  the 
frequency  at  the  steady-state. 

It  can  been  seen  that  the  oscillation  frequency  of  circuit 


t  [bs] 

Figure  6:  Start-up  characteristics  of  oscillation  frequency  of 
the  two  circuits. 

no.  2  approaches  the  steady-state  much  faster  than  that  of 
circuit  no.  1.  In  contrast  to  these  frequency  changes,  the 
maximum  frequency  variation  of  circuit  no.  1  is  only  about 
1  [ppm],  70  times  lower  than  circuit  no.  2’s  variation. 

g-opcluskiis 

In  this  paper,  a  simple  analysis  method  of  the  overall  start¬ 
up  characteristics  of  crystal  oscillators  has  been  desribed. 
After  clarifying  the  origin  causing  the  oscillation  current  to 
start  by  means  of  circuit  simulations  and  a  smeiJI  signed  cir¬ 
cuit  analysis,  the  analysis  method,  empolying  the  relation 
between  the  oscillation  current  and  the  nagative  resistance 
and  the  equivalent  capacitance,  has  been  developed.  It  heis 
been  demonstrated  that  the  present  analysis  method  can  eas¬ 
ily  calculate  the  overall  start-up  characteristics  of  the  ampli¬ 
tude  and  frequency  of  oscillation,  and  can  reduce  the  total 
computation  time  significantly,  while  maintaining  good  pre¬ 
cision  in  ctdculation  for  practical  uses. 
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Abstract 

There  are  an  infinite  number  of  terminal  impedances 
which  satisfy  the  general  oscillation  condition 
|S  S'  -  I|  =0  for  a  three  terminal  device  which  is 
operated  below  it  maximum  frequency  of  oscillation. 

S  is  the  linearized  device  three  port  scattering 
matrix  characterized  or  measured  at  some  specified 
terminal  condition  (e.g.  power  level)  (1)  and  S'  is 
the  scattering  matrix  of  the  embedding  network  for 
the  three  terminal  device.  The  design  engineer 
almost  always  has  some  specification  that  is  to  met 
with  the  oscillator.  For  example,  maximum  power 
output,  minimum  noise  shelf,  or  maximum  device  gain 
for  the  amplifying  device  in  the  oscillator  may  be 
specified.  This  paper  gives  a  closed  form  solution 
to  the  oscillation  condition  under  the  conditions  of 
a  specified  impedance  presented  to  either  the  source 
or  the  load  port  of  the  amplifying  device. 

Previous  design  approaches  to  S  parameter  design  have 
generally  not  specified  a  port  operating  impedance 
(e.g.  2,3)  or  have  required  iteration  or  root  finding 
to  determine  the  impedances  (4). 

Introduction 

Consider  the  two  port  device  shown  in  Figure  1.  The 
device  designated  by  S  could  be  a  bipolar,  FET,  or 
other  two  port  device  with  gain.  If  the  unsaturated 
device  is  to  develop  the  most  power  (i.e.  maximum  DC 
to  RF  conversion),  the  equivalent  parallel  resistance 
R  of  the  load  conductance  in  the  linear  range  is 
determined  by  the  mutual  satisfaction  of  the 
following  two  conditions  (5). 

sqrt(R)  =  (V  -  Vsat)/sqrt(2.*  P) 

and 

sqrt(R)  =.  sqrt(2.  *  P)/(I  -  Imin) 


Figure  1  -  Two  Port  Device 


where  V  is  the  device  DC  bias  voltage,  I  is  the  DC 
bias  current,  Vsat  is  the  saturation  voltage  of  the 
device,  Imin  is  the  cutoff  current  of  the  device,  and 
R  is  the  value  of  the  shunt  load  resistance  on  the 


device  when  the  shunt  suscepteuice  of  the  device  has 
been  canceled  out.  It  should  be  pointed  out  in 
passing  that  the  cunplifier  gain  is  not  maximized 
since  the  optimum  load  admittance  is  not  the 
admittance  for  conjugate  matching.  We  desire  maximum 
power  conversion,  not  maximum  power  gain. 

If  the  input  impedance  of  the  device  is  negative  real 
for  the  desired  load  (R  and  shunt  susceptance) ,  then 
an  oscillator  can  be  made  by  putting  the  input 
termination  on  the  device  given  by: 

Fs  -  (1.  -  S22  *  n)/(Sll  -  As  *  ri) 

where  As  is  the  determinant  of  the  S  matrix,  the  S 
matrix  is  characterized  or  measured  at  the  required 
power  output  P,  and  Fs  and  F1  are  the  source  and  load 
reflection  coefficients  respectively.  However,  the 
source  impedeuice  resulting  from  the  reflection  coef¬ 
ficient  Fs  will  not  in  general  be  purely  imaginary. 
This  results  in  power  being  delivered  to  the  input. 
What  is  really  desired  is  that  all  the  power  be 
delivered  to  the  load. 

If  two  circuits  are  cascaded  with  the  load  R  as  shown 
in  Figure  2,  and  external  shunt  feedback  is  put 
around  the  device  as  shown,  the  Barkhausen  criteria 
can  easily  be  calculated  to  be  (1): 

As  +  S12  +  S21  =  1 

However,  circuits  CKTl  and  CKT2  are  not  in  general 
easy  to  determine  and  have  unique  value:,  only  under 
some  set  of  constraints  e.g.  simultaneous  conjugate 
match. 


Figure  2  —  Two  Port  Matched  Devices. 
Load  Included  in  S 


Consider  now  converting  the  two  port  S  parameters  to 
three  port  S  parameters  with  the  conversion: 
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S3  =  M1*M2 

where  S3  is  the  three  port  indefinite  matrix  derived 
from  the  two  port  scattering  matrix  S.  This 
transformation  assumes  that  several  feedback  and 
shunt  elements  on  the  common  terminal  are  negligible. 
In  general  they  need  to  be  considered  and  can  be 
included  if  the  full  three  port  S  parameters  are 
measured  or  calculated. 

Whether  the  above  transformation  is  used  whenever  the 
given  assumption  is  valid,  or  if  the  full  three  port 
S  parameters  from  measurements  or  characterizations 
are  used,  the  following  equations  will  determine  the 
values  for  Tl,  r2,  and  r3  using  a  specified  load  or 
source  impedance  for  the  device. 

Consider  the  three  port  circuit  shown  in  Figure  3. 

Let  V23  be  the  voltage  from  the  output  port  terminal 
to  the  common  terminal  of  the  device.  Then  to 
maintain  a  given  load  on  the  embedded  device,  the 
impedance; 

Z1  •=  -V23/I2 

must  be  maintained  for  any  terminating  impedances  on 
the  three  terminals. 

Let  n  and  r3  be  the  reflection  coefficients  of  the 
impedances  put  on  terminal  one  and  terminal  three 
respectively.  For  these  impedances  to  be  reactive, 
the  magnitudes  of  Tl  and  13  must  be  equal  to  1. 
Applying  these  constraints,  a  closed  form  solution 
for  r3,  ri,  and  a  new  load  reflection  coefficient  r2 
can  be  found.  The  new  load  r2  maintains  the 
relationship  on  the  device  such  that  the  terminal 
voltage  across  the  device,  V23,  and  the  device 
terminal  current,  12,  are  related  by  the  optimum  load 
Zopt  which  is  in  general  different  from  the  load 
specified  by  r2.  Since  no  power  flows  into  FI  and  FS 
if  they  are  of  magnitude  of  one,  all  the  power  will 
appear  in  F2  and  thus  the  maximum  power  available 
from  the  device  will  be  delivered  to  F2  as  an 
oscillator  if  Zopt  is  the  load  for  maximum  power 
delivered  from  the  device  when  the  device  is  used  as 
an  amplifier.  By  interchanging  the  terminals  1  and  2 
of  the  device,  power  can  be  taken  of  the  "input"  of 
the  device  in  a  manner  which  will  present  the  optimum 
noise  source  impedance  to  the  device.  Therefore  the 
oscillator  can  be  designed  for  either  maximum  power 
generation  or  minimum  device  noise. 

Solving  for  the  magnitude  of  FI  =  1  with  the 
constraint  that  the  magnitude  of  F3  =  1  gives  a 
closed  form  solution  for  13.  FI  is  determined  from 
thfc  above  equations,  and  F2  is  determined  from  the 
general  three  port  equations.  These  solutions  are  in 
terms  of  familiar  bilinear  transformations. 


OPTIMUM  LOAD  FOR  THE  OSCILLATOR 


Given  a  Three  Port  Devloe:  Per  •  given  n>pt.. 

eFoptra  -t-  bltei  on  -t-  d  AFS  +  B 

nn- - - - - -  :  nn- - 

oFoptn  +  iihpt  V  in  -t  h  ers  +  d 

Figure  3:  Three  Port  Oscillator  Configuration 


tt  can  be  •hon  that  Tin  1*  oquel  to  NUUCrinl/DENlrin)  where: 

mnilrin)  -  rept(2  SIZ  SZl  S31  -  Siz  931  S31 
Sll  S32  331  -  2  311  322  331) 

+  ropt  r3(2  312  331  323  331  -  2  312  S21  S33  331 

-  2  313  831  331  322  2  311  322  333  331 

-  312  331  331  -  2  311  323  331  332 

+  311  332  831  2  313  331  321  332) 

+  r3(  312  331  331  -  311  332  331 

*  2  313  331  331  -  2  311  333  331) 

*  (2  311  331  V  312  331  331  -  311  332  331} 

m  Ar3  +  B  ;  tor  e  given  Topt. 


DEN(rin)  -  ropt(S31  332  -  2  322  331) 

+  I'opt  r3(2  322  331  333  -  2  323  332  331  +  331  332) 

-  r3(332  331  +  2  331  333) 

+  (2  331  -  332  33l) 

-  Cr3  +  D  :  lor  B  given  Topt. 


|rin|  “  1  AND  im  =  1  imply  no  power  dissipation  at  ports  1  or  3. 
Let  Tin  =  To  +  Fp  e”j*i  where  To  =  0. 
and  r3  =  r  +  r3r  e-j*  where  F’  =  0. 


|Fp  |2(CC*F3r^  +  c’DF3r  e")*  +  CDY3r  e+i*  +  DD ') 

=  A**r3r2  +  A*BF3r  e")*  +  AB*F3r  e+l*  +  BB* 

If  r3r  is  specified,  then  the  equation  can  be  solved  for  i  and 
vice  versa.  Rearranging; 

(A'BFSr  e-i*  -|Fp|2c*DF3r  e")*  + 

AB'F3r  e+j*  -|Fp  l^CD'FSr  e+i*)  = 

IFp  |2(CC*r3r®  +  DD*)-AA*r3r2  -  BB* 

Let: 

w  e)*=  AB*r3r  e+i*  -  Fp  2CD*F3r  e+i* 
and:  - 

X=  IFp  i2(CC*r3r‘^  +  DD*)-AA*r3r2  -  BB* 

Solving  the  equati  n  for 
w  ei*  +  w*  e“j*  y 

(u  +  j  v)(cos*  +  j  sin*)  +  (u  -  J  v)(cos^  -  j  sin*)  =  X 
2u  cos*  -  2v  sin*  =  X 
u  cos*  ~  V  sin*  =  X/2 
//u2  +  yZ  co5(*+9)  =  X/2 
u  =  cos{») 


0  =  ttrctttn(v/u)  - 

♦  =  -  0  +  arccos(X’/(3  /vu^  +  v^)) 
t  has  two  possible  solutions. 

If  r3r  =  1,  then  one  solution  has  a 
fp  >  1  and  one  solution  has  Fp  <  1. 

If  X/{2  Vu^  +  v^)  >  1.  then  no  oscillator 
exists  for  the  specified  conditions. 

The  solution  can  be  redone  for: 

Fin  =  Fo  +  Fp  e”j*‘ 

FS  =  r  +  F3r  e"i* 

in  general.  Two  solutions  will  still  exist  but  both 
solutions  could  have  negative  real  impedances  for 
terminations.  If  the  termination  conditions  for  the 
input  and  the  common  terminal  are  the  conditions  for 
reflection  coefficients  representing  O's  -  loaded, 
unloaded,  or  external,  then  two  sets  of  circles  exist 
and  four  solutions  are  possible.  All  four,  several, 
or  none  or  the  solutions  may  be  realizable  for  any 
particular  set  of  Q's.  The  solutions  for  this  set  of 
conditions  has  been  given  (6). 

Consider  an  example  of  a  HRF901  transistor  at  1  GBz 
operating  at  10  V  for  Vce  and  20  mA  Ic.  The  S  matrix 
of  the  device  given  by  the  manufacture  is: 

Sll  =  .51  at  162  degrees  S12  =  .08  at  69  degrees 
S21  =  3.51  at  71  degrees  S22  =  .39  at  -41  degrees 

The  output  capacity  of  this  part  is  nominally  0.4  pF. 
This  part  should  require  a  shunt  load  of: 

R  =  <10  -  2)/.02  =  400  ohms 

in  parallel  with  an  inductive  reactance  of  j398  ohms. 
A  small  amount  of  negative  resistance  is  needed  at 
the  input  to  overcome  the  loss  in  elements  used  to 
synthesize  FI  and  r3.  This  is  included  in  the 
equations  by  solving  for  a  FI  which  is  slightly 
smaller  than  one  in  magnitude  (6).  The  solution  for 
the  magnitude  of  FI  not  equal  to  one  is  included  in 
the  solution  given  above. 

Substituting  the  above  values  into  the  equations  for 
FI  =  0.9  gives: 

Z1  =  0.8424  -  j6.4983 
Z3  =  0.  -  314.8378 

Z2  =  189.6  +  j200. 

Notice  that  the  input  load  has  a  small  series 
resistance  in  it  to  account  for  component  losses.  An 
oscillator  was  built  using  these  values  and  generated 
50  mU  of  RF  power  at  1  GHz.  The  procedure  has  been 
used  for  many  such  oscillators  which  have  been  built 
in  the  RF  design  classes  at  Iowa  State  University 
with  similar  results. 

An  example  run  for  a  500  MHz  oscillator  using  a 
MRF901  device  follows.  The  output  listing  is  from  a 
computer  program  that  solves  the  above  equations.  A 
circuit  analysis  listing  is  also  included  for  EEsof's 
Touchstone  program  given  although  this  particular 
data  set  was  not  calculated  using  Touchstone. 

ENTER  ZO 
50 

ENTER  2  FOR  2  PORT  DATA 

ENTER  3  FOR  3  PORT  DATA 

2 

ENTER  S  FOR  S  PARAMETERS 

ENTER  Z  FOR  Z  PARAMETERS 


ENTER  Y  FOR  Y  PARAMETERS 
S 

ENTER  THE  S  PARAMETERS  IN  VOLT-MAGNITUDE 

PHASE-DEGREES 

ENTER  S11,S12,S21,S22 
0.5  -166  .05  57  6.81  92  .41  -35 
ENTER  THE  OPTIMUM  IMPEDANCE 
288.409  265.78 

ENTER  DATA  FOR  GAMMA  SOURCE 
ENTER  THE  TYPE  OF  INPUT  YOU  WISH 

ENTER  QE  FOR  EXTERNAL  0 

ENTER  QU  FOR  UNLOADED  Q 

ENTER  QL  FOR  LOADED  Q 

ENTER  MA  FOR  MAGNITUDE  OF  GAMMA 

ENTER  CR  FOR  CENTER  AND  RADIUS  OF  CIRCLE 


ENTER  RADIUS  OF  REFLECTION  COEFFICIENT 
0.251 


ENTER  THE  DATA  FOR  GAMMA  COMMON  TERMINAL 
ENTER  THE  TYPE  OF  INPUT  YOU  WISH 

ENTER  QE  FOR  EXTERNAL  Q 

ENTER  QU  FOR  UNLOADED  Q 

ENTER  QL  FOR  LOADED  Q 

ENTER  HA  FOR  MAGNITUDE  OF  GAMMA 

ENTER  CR  FOR  CENTER  AND  RADIUS  OF  CIRCLE 


ENTER  RADIUS  OF  REFLECTION  COEFFICIENT 
0.95 

SOLUTION  ONE 

REFLECTION  COEFFICIENTS  IN  MAG  AND  ANGLE-DEG 

INPUT  REFLECTION  COEF  3.984062  -164.3204 

2P0RT  LOAD  REFLECT  COEF  .8297441  9.961959 

GROUND  INVERSE  REF  COEF  1.052632  101.7578 

SOURCE  REFLECTION  COEF  .2510001  164.3204 

3P0RT  LOAD  REFLECT. COEF  .8386903  10.87746 

GROUND  REFLECTION  COEF  .9500000  -101.7578 

IMPEDANCES  IN  REAL  AND  IMAGINARY  FORM 

INPUT  IMP  -30.29769  -4.386847 

TWO  PORT  LOAD  IMP  288.4090  265.7800 

GAMMA  INVERSE  GROUND  IMP  -2.129126  40.62005 

SOURCE  IMP  30.29769  4.386847 

OSCILLATOR  LOAD  IMP  264.0737  281.8258 

GROUND  IMP  2.129124  -40.62005 

SOLUTION  TWO 

REFLECTION  COEFFICIENTS  IN  MAG  AND  ANGLE-DEG 

INPUT  REFLECTION  COEF  3.984064  -21.33271 

2P0RT  LOAD  REFLECT  COEF  .8297441  9.961959 

GROUND  INVERSE  REF  COEF  1.052632  54.46371 

SOURCE  REFLECTION  COEF  .2510000  21.33271 

3P0RT  LOAD  REFLECT  COEF  .8545094  12.02498 

GROUND  REFLECTION  COEF  .9500000  -54.46370 

IMPS  IN  REAL  AND  IMAGINARY  FORM 

INPUT  IMP  -78.68701  -15.33593 

TWO  PORT  LOAD  IMP  288.4090  265.7800 

GAMMA  INVERSE  GROUND  IMP  -6.107611  96.85227 

SOURCE  IMP  78.68701  15.33593 

OSCILUTOR  LOAD  IMP  229.9467  303.4441 

GROUND  IMP  6.107609  -96.85227 


ENTER  G  FOR  A  DIFFERENT  VALUE  OF  GAMMA 

ENTER  Z  FOR  A  DIFFERENT  VALUE  OF  LOAD 

ENTER  N  FOR  STOPPING 
Stop  -  Program  terminated. 

Solution  one  was  chosen  since  this  is  a  common 
emitter  device  and  the  resistance  of  Z3  is  minimized 
to  maintain  maximum  output  power. 

A  Touchstone  file  to  calculate  the  output  impedance 
follows: 

!  Osc  circuit  design  for  a  MRF901  at  500  MHz 
! 

DIM 

FREQ  GHZ 
RES  OH 
IND  NH 
CAP  PF 
LNG  MIL 
TIME  PS 
COND  /OH 
ANG  DEG 

VAR 

EON 

CRT 

!  oscillator  S-parameter  definitions 
S2PA_Q1  50  60  8  MRF901H.s2p 
!  from  Motorola  data  disk  at  lOV  15mA 

I 

!  put  in  .1  inch 

!  of  microstrip  line  on  Er^Z.AS  substrate 
!  on  collector  and  base 

tlin  50  51  z=50  f=.5  e=2.191 
!  tlin  60  61  z=50  f=.5  e*2.191 
!  comment  above  tl  out  to  see  output 
!  impedance  at  the  device 

tlin  60  61  z=50  f=.5  e«0. 000001 
!  RESONATOR  ON  BASE 
RES  1  0  R=20 
CAP  1  2  C=. 15915494 
IND  2  3  L=636.6198 
CAP  3  0  C=0.75 
RES  3  4  R=10 

I 


The  output  impedance  of  the  oscillator  follows. 
Notice  that  the  output  resistance  is  -264  ohms  and 
the  output  reactance  is  approximately  zero.  The 


external  Q  is 

approximately  78.5. 

OUTPUT 

IMPEDANCE  OF  500  MHz 

OSCILLATOR 

FREQ-GHz 

RE(ZOUT) 

IM(ZOUT) 

. 498000 

-.159683E*03 

-.386601E>02 

.498400 

-.178036Et03 

-.362511E1.02 

.498800 

-.197883E»03 

-.317480Et02 

.499200 

-.219082E+03 

-.246056E+02 

.499600 

-.241316E*03 

-.142219E»02 

. 500000 

-.264065E+03 

.265083E-01 

. 500400 

-.286536E+03 

. 187036Et02 

. 500800 

-.307654E+03 

.422068E+02 

.501200 

-.326080E*03 

.706074E>02 

.501600 

-.340337E+03 

.103521E^-03 

. 502000 

-.349001E*03 

.139988E<.03 

Conclusions 

An  approach  to  microwave  oscillator  design  has  been 
given  which  will  solve  in  closed  form  the  impedances 
necessary  to  be  presented  to  the  device  for  some 
optimum  condition,  e.g.  maximum  power  or  minimum 
noise  shelf.  This  approach  is  applicable  whenever  S 
parameters  are  available  including  millimeter 
wavelengths  and  even  at  optical  frequencies  with  the 
appropriate  S  matrix.  The  discussed  example  used 
series  terminations.  With  the  appropriate  delta  to 
wye  transformations,  the  analysis  is  applicable  to 
shunt  oscillator  designs  as  well  (6). 
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ABSTRACT 


This  paper  is  a  continuation  of  Ref  4.  It 
includes  nost  of  the  theory  of  that  reference 
plus  additional  theory  to  facilitate  analysis 
of  UHF  and  microwave  oscillators. 

The  theory  of  oscillator  analysis  in  the 
immittance  domain  is  presented.  This  theory 
enables  the  computer  simulation  of  the  steady 
state  oscillator.  The  simulation  makes 
practical  the  calculation  of  the 
oscillator  total  steady  state  performance, 
including  noise  at  all  oscillator  locations. 
Some  oscillator  applications  of  PC  program. 
BPT,  created  for  the  simulation,  are  listed 
and  some  specific  microwave  oscillators 
analyzed. 


PART  1  THEORY 
1.  INTRODUCTION 


1 . 1  During  the  past  16  years,  the  writer 
has  been  developing  theory  for  oscillator 
analysis  in  the  immittance  domain.  "INMITTANCB 
DOMAIN”  means  that  the  basic  relationships  are 
expressed  in  terms  of  immittance, 

Z  =  R  ^  i  X  or  Y  =  G  +  j  B 


The  program  is  very  helpful  and 
almost  indispensable  in  applying  the  theory  to 
real  oscillator  problems  including  that  of 
improving  the  theory. 

It  should  be  noted  that,  as  BPT  does  not 
incorporate  any  basic  information  peculiar 
to  oscillators,  it  follows  that  the  theory 
may  be  used,  in  conjuction  with  other  circuit 
analysis  programs,  to  analyze  oscillators, 
but  with  much  greater,  and  perhaps 
prohibitive,  difficulty. 

1 . 2  The  theory  is  basesd  upon  the 
combination  of  2,  cou^atible  and  equally 
important  oscillator  models. 

The  noise  source,  amplifier,  filter, 
model  (31  in  which,  positive  feedback  produces 
the  necessary  extremely  high  effective 
amplifier  gain,  as  the  primary  model. 

The  negative  resistance  model  [2]  as 
the  secondary  model. 

2. THE  NOISELESS  OSCILLATOR 
- (  See  Rel  2  ) - 


2.1  Fundamental  Relationships 


Effective  and  facile  application  of  the  theory 
to  real  problems  also  necessitated  the 
creation  of  a  PC  computer  circuit  analysis 
program. 

The  results  of  this  effort  are 

A  remarkably  simple  oscillator  theory 
which  fully  describes  the  oscillator  operation 
and  which  is  readily  translatable  into  the  real 
world. 

A  very  user  friendly  multipurpose  and 

powerful  circuit  analysis  program,  BPT. 

The  theory  and  program  are  universal  in  that 
they  apply  to  all  oscillators,  past,  present, 
and  future. 

The  theory  and  program  are  symbiotic,  in  that 
To  apply  tne  program  to  oscillators, 
the  theory  must  be  used. 


At  steady  state,  in  any  and  every  mesh  of 
a  hypothetically  noiseless  oscillator. 


Zt  =  72  Z  =  0  ID 

From  which, 

E  /?  =  0  (la) 

E  A'  =  0  (lb) 

Defining, 

RN  =  E  Rnegat  ive  (2a) 

RT  =  E  RposJt  ive  (2b) 

Then, 

RT  =  -  RR  (3) 

The  dual  statement  of  Eg  1  is. 


At  steady  state,  across  any  and  every  2  nodes 
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of  a  hypothetically  noiseless  oscillator, 

yt  =  E  y  =  0  (41 

It  is  noteworthy  that  Eqs  1  and  4  are 
conpletely  analogous  to  Kirchoff's  first  and 
second  network  laws.  It  nay,  therefore,  be 
in  order  to  naae  Eqs  1  and  4  as  the  oscillator 
first  and  second  laws.  It  is  interesting  to 
speculate  that  siiilar  sets  of  laws  lay 
exist  in  other  fields  and  that  efforts  should  be 
Bade  to  discover  and  apply  then. 

For  convenience.  Eg  1  is  called  the  Negative 
Resistance  Oscillator  Model,  NROH.  SiBilarly  Eg 
4  is  called  the  Negative  Conductance  Oscillator 
Model,  NCOM. 

Theoretically,  both  Bodels  are  coBpletely  equal. 
Practically,  for  a  particular  application,  one 
Bodel  may  nave  advantages  and  disadvantages  over 
the  other.  The  choice  of  use  depends  upon  the 
application.  In  aany  applications,  it  is 
desirable  to  use  both  BOdels.  ExaBples  are 
described  in  Ref  7. 

2.2  Non-linearity  considerations 

!f  the  linear  and  non-linear  eleBents  are 

grouped  together,  then,  froa  Eqs  1 


E  Rlin  +  E  Rnlin  =  0  (5) 

froB  which, 

T1  Rlin  =  -  E  Rnlin  (5a) 

SiBilarly, 

H  XI in  =  -  E  Xnlin  (5b) 

where  the  non-linear  values  are  the  effective 
values. 


Eqs  5  are  very  iaportant  since  they  state 
that  it  is  only  necessary  to  study  the  linear 
R  and  X  eleaents  to  coapute  the  totals  of  the 
non-linear  R  and  X  eleaents.  This  fact 
drastically  reduces  the  labor  involved  in  the 
analysis  and,  very  often,  it  eliainates  the 
need  for  considering  the  detailed  behavior  of 
non-linear  eleaents. 

2.3  Noiseless  oscillator  ttodel 


.  : 

zl 

— 

1  ^  1 

nr 


Kci  4—^  — ^  UATOR 


Fig.  1  Noiseless  Oscillator  Model 


Fig  1  is  the  siaplified  diagraa  of  the 
oscillator  resonator  aesh.  (The  aesh 
containing  the  resonator  is  usually  chosen 
for  analysis  as  it  has  the  aost 

inforaation.) 

As  shown  in  Fig  1.  that  part  of  the 
oscillator  containing  the  resonator  circuitry 
is  called  the  osci,  syabol  os.  The  reaainder 
is  called  the  llator,  syabol  LL. 

Froa  Eg  1, 

Zt^i^  =  ~  Zoo  (6) 

Also, 

Delta  F  =  -  Delta  ALt.  /  (6Xoa/df)  (7) 

Eg  7  enables  the  easy  deteraination  of 

oscillator  frequency  shifts  caused  by  llator 
changes. 

3.  THE  REAL  OSCILLATOR 


3.1  Introduction 


The  real  oscillator  always  includes  one  or 
aore  llator  noise  sources,  in  addition  to 
the  resonator  frequency  noise.  The 
calculation  of  the  contribution  of  the 
resonator  noise  to  the  oscillator  noise  is 
very  siaple  (See  Section  3.3).  However,  the 
calculation  of  the  contributions  of  the 
llator  noises  is  extreaely  difficult  and 
constitutes  a  major  topic  of  this  paper. 

3.2  Frequency  relationships 


The  total  frequency,  F,  is  described  by 

F  =  fo  +  f  (8) 

fdiere  to  is  the  carrier  frequency 

t  is  the  offset  or  Fourier  frequency 

3.3  Contribution  of  the  resonator 
treouencv  noise  to  the  oscillator 
noise. 


Let  the  resonator  frequency  noise  be  described 
as 


(f)  I 


os 


(9) 


Then  the  resonator  frequency  noise 
contribution  to  the  oscillator  frequency 
noise  at  all  oscillator  locations  is  identical 
to  that  in  Eg  9. 

The  resonator  frequency  noise  contribution 
to  the  oscillator  phase  noise  at  all  oscillator 
locations  is 


I  S  /  (f)  |os  /  /=  (10) 

The  total  phase  noise  at  any  oscillator 
location,  a,  is  given  by  the  sua  of 
that  of  Eq  10  and  the  contributions  of  the 
llator  noise  sources  to  the  phase  noise  at  that 
location,  PStn. 
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3.4  Contr ibutior^  of  the  llator 
noise  sources  to  the  oscillator  noise 
at  location  m.  ~ 


Let  the  noise  of  noise  source,  n,  be  given 
by  power  spectrua, 

PSn  (f)  (in 

then  the  contribution  of  this  source  to  the 
oscillator  noise  power  spectrun  at  location  m, 
is 


PSmn  (  f) 

(12) 

and 

PStn  (f) 

=  P5h  (/) 

*  CFftn  (/) 

(12a) 

where  CRnn 

(f)  is 

defined  as 

the 

contribution 

function  of 

noise  source. 

n,  to 

the  oscillator 

noise  at  location  m. 

The  total 

oscillator 

noise,  PSt  , 

at 

location  m,  obviously  is 

n 

PStm  (  f ) 

II 

PSmn  (  f) 

(13) 

3.5  Real  oscillator. 

soecial  case 

,  ZN 

Pig  2  is  the  conplete  diagram  for  the  ZN 
configuration  (N  meaning  noise,  Z  meaning  set 
up  by  means  of  the  Z  configuration)  of  a 
special  case  real  oscillator.  The  fact  that 
makes  this  oscillator  a  special  case  is  that 
the  noise  source.  Mi  ,  represents  the 
total  equivalent  noise  contributions  of  all  the 
noise  sources  in  the  llator. 


exist  in  the  real  oscillator.  Their  function  is 
described  in  Sect  3.7. 

The  oscillator,  at  steady  state,  at  f  =  0,  (the 
carrier  frequency)  satisfies  Eqs  14  ro  16, 
similar  to  and  derived  from  Eqs  1  to  3, 


Zt 

Prom  which. 

E  Z 

=  dR 

(14) 

E  /?  = 

dR  , 

E  X 

=  0 

(14a) 

and 

RT  =  - 

RN  + 

1R 

(15) 

The  equivalent  relations 

for  the  NCON  are 

Yt 

E  y 

=  dG 

(16) 

Prom  which. 

E  = 

dG  , 

E  5 

=  0 

(16a) 

Also,  it  has  been  proven 

that 

\RN  /  c»|  = 

=  life 

(0)  /  Vh 

(0)|* 

(17) 

This  equation  is  used  in  calculating  the 
oscillator  operating  Q. 


Let 

=  (RN  /  dR)^  (18) 

3.6  Real  oscillator  ot>eration 


All  real  oscillators  always  contain  a  non- 
Dhysical  very  small  value  resistance,  dR. 
The  value  of  dR  is  determined  by  the 
oscillator  limiting,  or  ALC,  system  which 
sets  the  level  of  the  oscillator  output. 


Pig  2  includes  the  input,  output,  and  common 
networks  and  the  multiple  potential  output 
oints,  available  in  every  real  oscillator, 
he  noise  in  the  output  depends  upon  the  output 
oint  location. 

ig  2  also  shows  RV  and  XV  which  do  not 


a.  The  oscillator  is  constructed  and  power 

is  allied. 

b.  ne  operator  sets  the  output  level  by 

adjusting  the  limiting  circuitry,  and  thus 
setting  dR. 

c.  The  oscillator  determines  fo,  Vn,  RT  ,  and 

all  other  operating  conditions. 

d.  The  oscillator  determines  the  phase  noise 

as  a  function  of  f. 


3.7  The  real  oscillator,  siaecial  case, 
Z  contiquratiori 


Pig  3  is  the  complete  diagram  for  the  Z 
configuration  (Z  meaning  impedance)  of  the 
special  case  real  oscillator. 

The  purpose  of  this  configuration  is  to 
enable  the  precise  setup  of  the 
necessary  and  sufficient  oscillatory 
condition  of  Eg  14.  Once  this  is  done,  we  are 
certain  that  this  configuration,  when 
converted  to  the  ZN  configuration,  represents  a 
true  oscillator  at  the  desired  frequency. 

As  will  be  noted,  the  Z  configuration  differs 
from  the  ZN  configuration  in  the  following: 

a.  The  value,  Vn  ,  of  the  noise  is  0. 
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b.  The  circuit  has  been  broken  and  a  1  A 
current  source  inserted.  The  value  of  the 
voltage,  Vz.  across  this  source  is  the  value 
of  the  iapedance  Zt  of  Eq  14.  When  Zt  has  been 
grecisely  adjusted  to  dS  at  the  desired 
frequency,  fo,  then  this  Z  configuration  is 
ready  for  conversion  to  a  ZN  configuration.  The 
adjustment  procedure  is  called  'zeroing*. 


and  between  all  points. 

i.  The  program  determines  Zt  (f).  (see  Fig 
3)  when  dS  is  at  the  value  of  Step  t,  and  Ki  is 
set  to  0. 

3.9  Conputat i on  of  the  contribution 
functions,  GPtm  in  the  real  osciilatdr~ 


This  is  best  done  by  using  the  program.  The 
procedure  is  the  following 

a.  Start  with  the  oscillator  configured  as 
in  Sect  3.8,  Step  d.  Include  all  the  noise 
sources,  which  are  assumed  to  be  uncorrelated. 

b.  Create  the  equivalent  ZH  configuration. 

c.  To  compute  CAut.  set  the  magnitudes  of 
all  noise  sources  to  (I  excepting  the  source  at 
location  n. 

d.  Hake  the  source,  Fn,  a  unit  white  noise 
source. 

e.  Determine  the  noise  response  at  location  m, 
PSaa  (f) 


Fig  3.  Real  Oscillator, 
Special  Case,  Z  config. 


RV  and  XV  are  very  small  value  trinmable 
resistor  and  reactor,  respectively,  provided 
to  facilitate  zeroing.  Their  values  are 
identical  in  the  Z  and  ZN  configurations. 

The  zeroing  procedure  has  been  automatized 
in  the  computer  simulated  laboratory  and 
thus  simplifies  the  computer  oscillator 
simulation. 

3.8  Coipputer  simulated  oscillator 
operation 


In  the  program  oscillator,  Z  config.  (See  Pig 


a.  The  oscillator  is  constructed  by  entering 
the  circuit  into  the  comuter. 

b.  The  operator  sets  fo  ,  and  Fn  =  0 

c.  The  program  sets  the  effective  gain  of 
the  active  circuitry,  so  that  Eq  14  is  almost 
satisfied. 

d.  The  program  adjusts  RV  ai)d  XV  so^.thqt  the 
mesh  impedance^  Zt:  =  Fz  in  Pig. 3,  satisfies  Eq 
14  to  a  very  high  degree  of  precision.  The  Z 
configuration  is  then  converted  into  the  ZN 
configuration. 

In  the  program  oscillator,  ZN  config.  (see  Fig 


e.  The  operator  sets  Fn  to  Fn  real. 

f.  The  operator  sets  dR  to  the  value  where 
the  desired  oscillator  output  is  obtained  as 
measured  by  the  ac  current  in  any  component 
or  ac  voltage  between  any  2  points. 

g.  The  program  determines  the  voltages  and 
currents  at  all  other  points. 

h.  The  program  determines  the  phase  noise  at 


f.  Then  from  Eq  12a, 

CFmn  (f)  =  PSim  ( f)  (19) 


g.  Repeat  steps  c  to  f  for  all  noise  sources. 


3.10  Oscillator  noise  in  all  real 
oscillators,  due  to  Wi 
-  '  Pig  7) - 

3.10.1  The  resonator  current,  Ix  ,  phase  noise, 
due  to  Fn  is  given  by 

£  (f)  =  £  (f)  *  IPT/  Zt(f)|*  (20) 

Ix  Vn  '  ' 

Zt  (f)  is  obtained  with  the  Z  configuration  and 

£  (f)  =  PSVn  (f)  /  rvfe  (0))^  (21) 

Vn 

3.10.2  Noise  at  other  locations 

The  phase  noise  in  Fs  is  almost  the  same  as 
in  Ix  , except  at  very  high  values  of  f. 

fow  that  .  the ,  phase  . . noise  ,  in  ,  Jx  is 
nown,  the  determination  of  the  phase 

noise,  at  all  other  locations,  is 

straightforward  but,  depending  upon  the 
circuit  complexity,  can  be  very  difficult  and 
tedious,  and  is  best  done  with  the  program. 

However  those,  desiring  to  perform  any  of  the 
calculations,  should  keep  in  mind  the 
following  roles  when  combining  noises  at  any 
location: 

a.  Noise  voltages  and  currents,  due  to  the 
same  noise  source,  should  be  combined  as 
phasors. 

D.  Noise  powers,  due  to  different 
uncorrelated  noise  sources,  should  be  combined 
as  scalars. 
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3.11  yie  general  relationship 
tetween  PS  (.f)  and  the  phase  noise,  at 
the  same  location. 

£  (f)  =  PS  (if) /Carrier  Power  (22) 

=  PS  if)  /  PS  (0)  (23) 


=  £  if)  *[Vs(0)/Vin{Q)]^ 

Vn  (27) 

where  Vin  is  the  carrier  input  voltage  at 
which  the  residual  phase  noise  is  aeasured  and 
Ks  is  defined  in  Pig  2. and  used  in  Eg  21. 

3.12.1  The  cooputation  of  CTSb  (f) 


for  all  values  of  /  when  PS  (0)  does  not 
approach  infinity. 


Eg  22  is  also  useful  for  the  case  where  Vn  (f) 
has  a  flicker  or  other  noise  conponent 
which  theoretically  approaches  infinity  as  f 
approaches  0  and  thus  theoretically  also  makes 
Ps  (f)  approach  infinity  as  t  approaches  0.  In 
this  case,  the  oscillator  noise  power  spectrum, 
at  f  when  Xt  (f)  »  dR  ,  is  independent  or 

dR,  which  is  set  by  the  oscillator  limiting 
system  at  the  desired  carrier.  Therefore,  at 
these  values  of  f. 


From  Eg  22, 

£  (f)  =  PSm  (Jf)  /  P.Sln  (0)  (28) 

m 

Prom  Eg  12, 

pan  (f)  =  CFlri^  (f)  *  PSV^  (f)  (29) 

Let 

ROm  =  PSm  (0)  /  PaVin  (0)  30) 

Then 

PSm  (0)  =  PaVin  (0)  *  ROm  (31) 


£  (f)  =  PS  (f)  /  PC  (24) 

where  PC  is  the  arbitrary  desired  carrier 
reference  power. 


3.12  The  circuit  noise  transfornation 
function  (^).  applied  in  the  ZfT 

contiquration  ot  Kig  2T 

Eg  20,  repeated  here  for  convenience, 

<term  0>  <term  1>  <  term  2  > 

£  (f)  =  £  If)  *  \RT  /  Zt  (f)|*  (20) 

Ix  Vn  '  ' 

may  be  considered  a  special  case  of  general 
Eg  25 

<  term  0  >  <  term  1  >  <  term  2  > 

£  (f)  =  £  (f)  *  CWm  (f)  (25) 

m  R 

Term  0  is  the  oscillator  phase  noise  at 
location  m,  where,  in  Eg  20,  m  =  Ix.  Term  1 
is  called  the  residual  phase  noise  (61  of  the 
active  or  other  device.  Term  2  is  called  the 
circuit  transformation  of  residual  noise 
function  at  location  m. 

The  importance  of  the  residual  noise  lies  in 
the  fact  that  it  can  be  measured 
independently  of  the  oscillator.  Then,  cne 
needs  only  ro  confute  the  applicable  CTat  If) 
and  then,  using  Eg  25,  determine  the  oscillator 
noise,  at  any  and  every  location. 

Since  it  is  stipulated  that  the  noise  is  due  to 
Vn,  then 

£  (f)  =  PS  (f)  /IVin(O)]^ 

R  Vn  (26) 


Combining  Egs  28  and  29  we  obtain, 

£  (f)  =  PSVn  (f)  *CFhMn  lf)/P£hi  (0) 

m  (32) 

Combining  Egs  21,  26,  31,  and  32  we  obtain, 

£  (f)  =  £  If)  *  CRnVn  (f)/ROm  (33) 

m  R 

Comparing  Eg  33  with  Eg  25,  we  see  that 

CTRm  if)  =  CPtaVn  if)  /  ROtn  (34) 

cyhtVn  (£)  is  calculated  as  in  Sect  3.8. 

3.12.2  The  calculation  of  ROn  with  the  BPT 
program.  (Note  that  ROa  is  independent  of  Vn 
and  dR) 

a.  Enter  the  applicable  ZN  configuration  of 
the  oscillator. 

b.  Set  F  =  fo  and  dR  =  lE-9  ohm. 

c.  Make  Vn  a  VH  coiq)onent  (white  noise 
voltage  source)  of  convenient  magnitude. 

d.  Execute  Option  C  and  note  the  magnitudes 
Vn,  at  locations  m  and  Vin. 

Then 

ROn  =  i  Vtn  /  Vin  )=  (35) 

or  in  dB  using  the  DB  option, 

ROm  (dB)  =  Mb  referred  to  Vin 


3.12.3  Motes  for  Sect  3.12 

a.  Validity  of  this  section  —  The  reader 
is  reminded  that,  for  flicker  noise,  this 
section  is  valid  only  for  Fourier  freguencies, 
f,  at  which  Xt  if)  »  Rt  (f)  as  stipulated 
in  Sect  3.11 

b.  Figure  of  merit  --  CTRa  (f)  is  a  very 
useful  figure  of  merit  of  the  transformation  or 
device  residual  noise  into  oscillator  noise  at 
all  locations. 

c.  Residual  noise  measurements  "  In  order 
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to  achieve  good  agieeient  between  the  aeasured 
osclllatoi  noise  perfociance  and  the  predicted 
noise  perfoiiance  based  upon  the  residual 

noise  measurement,  it  is  essential  that  the 
measurement  source  and  load  impedances,  at 

every  applicable  Fourier  frequency,  be 

identical  to  the  equivalent  impedances  in  the 
closed  loop  oscillator,  as  the  contributions  of 
the  noise  current  sources  to  the  effective  Vn 
are  strong  functions  of  the  imedances  seen  by 
these  sources.  Program  can  compute 

these  inpedances  in  the  closed  loop  oscillator. 

d.  Multiple  noise  devices  --  This 
section  applies  only  to  oscillators  with  a 
single  or  single  major  noisy  device.  The 
program  must  oe  used  for  more  complicated 
circuits. 

e.  If,  for  practical  reasons,  the  residual 
noise  cannot  be  measured,  the  oscillator 
phase  noise  is  determined  by  including  all  the 
significant  noise  sources  in  the  ZN 
configuration  and  then  cowutinq  the  total 
noise  at  each  location,  as  described  in  this 
paper . 

r.  If  it  is  desired  to  ascertain  the 

magnitudes  of  the  voltages  and  currents  at  all 
locations  at  f  =  0,  then 

1.  Make  dR  a  value  such  as  that  of  Step 

3.12.2.b. 

2.  Set  the  Naugahyde  of  Vn  in  step  3.12.2.C  so 

that  Fln(osc)  becomes  equal  to  Vin 
(residual  measurement  input  F)  by  means 
of  Option  E. 

3.  Execute  Option  C  and  record  the  data. 


3.13  The  oscillator  Qoan  (f) 

Qopf  the  oscillator  operating  Q,  is  generally 
detined  by 

Qop  -  {dx  /  df)  r  -->  a  *  fo 

/  2  RT  (36) 

It  is  seen  that  Qop  applies  only  to  low  f. 

It  is  proposed  that  Eq  36  be  extended  to  be 

Qopm  (f)  =  (dx  /  df)  *  fo  /  2RT 

(which  includes  Qop)  (37) 


Ref  7.  Some  of  these  are 

3.14.1  N  confiq  --  This  is  the  raw  complete 
oscillator  circuit  It  is  assigned  node  numbers 
and  then  entered  into  the  computer. 

3.14.2  TN  config  --This  is  the  M  config.  and 
the  noise  sources  which  has  also  been  provided 
with  Y  tuning  elements  BV  and  GV,  du,  and  a 
jumper  to  enable  2  measurements. 

3.14.3  y  config  --This  is  the  YN  configuration 
with  the  amplitudes  of  the  noise  sources  set  to 
0. 

3.14.4  ZYH  config  --This  is  the  ZH  configurat¬ 
ion  which  has  been  provided  with  BV,  GV,  and  dG. 

YM  ,  Y,  and  N  configurations  have  the  important 
advantage  of  having  fewer  nodes.  There  are  also 
many  more  possible  YK  and  ZYM  configurations 
since  tuning  elements  can  be  connected  between 
any  2  nodes.  Choosing  the  optimum  node  pair  is 
very  difficult. 


4.  PROGRAM  APPLICATIONS  IM  OSCILLATORS 


Some  general  applications  to  oscillators 
are  cited  below  to  demonstrate  the  utility 
and  power  of  program  BPT  when  used  in 
conjunction  with  tne  theory.  It  should  be 
remembered  that  BPT's  hi^  resolution  and 
accuracy  and  virtual  ground  node  facility  are 
of  prime  iiuortance  as  they  enable  the  precise 
zeroing  of  the  configuration  required  to 
simulate  the  oscillator. 

4.1  Automatic  zeroing  of  the  Z  oscillator 
configuration  (coarse,  active  device  gain 
setting  and  fine,  impedance  trimming)  for  the 
derivation  of  the  Zt  (i)  relationship. 

4.2  Automatic  calculation  of  the  oscillator 
operating  frequency. 

Both  4.1  and  4.2  functions  are  high  speed 
and  high  resolution  executions  of  their 
respective  functions. 


as  it  will  yield  more  information. 

It  can  be  shown  that 

Qopa  (f)  ~  fo  /{2  *  SQR  [CTRn  (f)]  *  f} 

*  Vin/ Vs  (38) 


4.3  Calculation  of  the  DC  operating 
point  of  oscillators. 

4.4  Includes  a  procedure  for  determining 
the  AC  operating  point  of  a  self-limiting 
oscillator. 


Both  Qopa  and  CTRsl  will  become  more  important 
with  the  expanded  use  of  multi-section 
resonators,  for  which  dx/df  is  not  constant 
with  f  and  Leeson's  noise  model  (11(51  does  not 
apply. 


3.14  Oscillator  circuit  configurations 


4.5  Includes  a  procedure  for  setting  the 
AC  and  DC  operating  points  in  ALC  type 
oscillators. 

4.6  The  program  is  a  linear  one  but  is 
designed  to  be  capable  of  being  interfaced 
with  non-linear  operating  conditions.  Items  4.3 
to  4.5  are  examples. 


Thus  far  the  Z  and  ZN  configurations  have  been  4.7  Investigation  of  the  Zt  (f)  or  Zt  (?) 
described.  There  are  additional  useful  function  of  an  oscillator  or  circuit  such  as  a 

configurations  which  are  considered  in  detail  in  llator. 
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The  following  5  exa^iles  illustrate  the 
very  useful  infcriation  obtained  froi  noiseless 
llator  studies. 

4.7.1  The  effect  of  coiponent  changes  upon 
frequency. 

4.7.2  Overtone  and  lode  selector  gain  aargins 
and  the  effect  of  the  resonator  overtone  and 
•ode  selector  circuitry  upon  the  oscillator 
stability.. 

4.7.3  Starting  gain  aargin  (loop  gain,  ALo) 

4.7.4  Effect  of  power  dissipating  coaponents 
upon  the  loop  gain  and  the  operating  Q. 

4.7.5  Effect  of  coaponent  tolerance  and 
environaent  upon  the  above  4  iteas 

4.8  Deteraination  of  bypass  and  coupling 
capacitor  adequacy. 

4.9  Exaaination  of  the  perforaance  of 
subcircuits  such  as  tuning  networks. 

4.10  The  deteraination  of  circuit  isolation 
properties. 

4.11  Calculation  of  operating  Q,  with  the  aid  of 
the  CTAi  and  Qopm  functions. 

4.12  Studies  of  iapedance  properties  of 

resonators  and  other  devices  requiring  high 
resolution. 

4.13  Investigation  of  the  effect  of 
co^onent  and  subcircuit  noise  upon  oscillator 
noise. 

4.14  Deteraination  of  the  circuit 
configuration  for  optlaua  noise  perforaance. 

4.15  Calculating  and  plotting  oscillator 

fhase  noise  for  white  noise  and  white  plus 
licker  noise  sources.  It  Is  not  necessary 

to  assuae  syaaetrlcal  noise  sidebands. 

4.16  Calculating  and  plotting  the 
oscillator  noise  tor  white  noise  sources  froa 
the  Zt  (f)  relationship. 

4.17  In  setting  up  an  oscillator,  the 
oscillator  Z  configuration  is  first  created 
and  then  zeroed.  (See  Itea  4.1  ).  A 

facility  Is  provided  to  automatically  convert 
the  zeroed  Z  configuration  into  an  ZN 

configuration  and  vice  versa. 

4.18  Calculation  of  equivalent  y  parameters 
for  S  paraaeters. 

4.19  Automatic  calculation  of  the  CTRa  (f) 

function. 

4.20  fihlle  BPT  Is  basically  intended  for 
analysis,  CAA,  it.  In  coanon  with  other 
analysis  programs.  Is  also  very  useful  in 
computer  aided  design,  CAD,  activities. 

4.21  Quasi-instantaneous  determination  of  the 
oscillator  operating  frequency.  with  a 
resolution  better  than  1  part  10^*  ,the  loop 
gain,  and  the  oscillator  line  width  assuming 
white  noise  sources. 


5.  THE  PROGRAM  AS  A  RESEARCH 

The  following  suggested  applications 
illustrate  the  power  and  usefulness  of  the 
program  in  research  activities: 


5.1  The  formulation,  checking,  and 
confirmation  of  new  theory,  and  new  oscillator 
designs. 

5.2  Determination  of  coaponent  aging  from 
experimentally  derived  llator  aging. 

5.3  Determination  of  component  temperature 
characteristics  from  experimentally  derived 
llator  temperature  performance. 

5.4  Determination  of  llator  noise  by 
experimentally  deriving  the  oscillator  phase 
noise  and  then  program  calculating  the  residual 
noise  required  to  produce  that  oscillator  noise. 

5.5  Exploring  and  confirming  new  oscillator 
theory  and  designs  prior  to  attempting 
experimental  verification. 


6.  CONCLUSIONS  FOR  THE  THEORY 


Extremely  simple  and  powerful  oscillator 
theory  nas  been  presented.  This  theory 
has  been  used  in  the  creation  of  a  computer 
program  for  the  universal  analysis  of 
oscillator  steady  state  performance. 

The  importance  of  Zt  If),  ST,  and  dS 
and  the  tremendous  power  of  analysis  in  the 
iamittance  domain  complemented  by  computer 
aided  analysis  have  been  demonstrated.  An 
important  additional  advantage  is  that  this 
analysis  method  provides  considerably  greater 
understanding  of  the  operation  of  the  real 
oscillator. 
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PART  2  SOME  TYPICAL  UHF  AND 
MICROWAVE  APPLICATIONS 


7.  INTRODUCTION 

This  part  describes  soae  applications  at  UHF  and 
■icrowave  freauencies.  It  is  iaportant  to  note 
that  the  treataent  is  exactly  tne  saae  as  that 
for  oscillators  at  lower  frequencies.  Indeed, 
the  basic  treataent  does  not  vary  with 
frequency.  The  only  difference  is  the  rrequent 
use  of  transaission  line  and  other  distributed 
eleaents  and  the  description  of  coaponents  by 
aeans  of  S  and  T  paraaeters. 

Such  custoaary  procedures  as  open  loop  analysis. 
Bode  plots,  Hyquist  diaqraas,  Saith  charts,  and 
k  factors  are  conspicuous  by  their  absence.  It 
should  be  pointed  out  that  these  procedures  were 
invented  to  avoid  the  extensive,  tedious,  labor 
and  tiae  consuainq,  and,  at  that  tiae, 
practically  prohibitive  coaputations  required 
By  the  use  of  Kirchoff's  network  laws  in  closed 
loop  analysis.  Of  course,  these  calculations  are 
now  aarkraly  facilitated  by  the  ubiquitous  and 
tireless  coaputer  directed  in  accordance  with 
the  theory  or  Part  1.  Additional  benefits 
obtained  are  greater  understanding,  power  to 
generate  inforaation  previously  unattainable, 
extraordinary  siaplicity,  and  very  large  savings 
in  tiae  and  labor. 


The  data  for  these  applications  are  presented  in 
the  fora  of  siaplified  scheaatics,  netlists,  a 
typical  parts  list,  and  plots  of  the  acre 
iuoitanl,  and  infrequently  or  not  previously 
published,  operating  characteristics.  Coaaents 
on  the  data  are  also  included. 

The  data  was  obtained  with  progzaa  BPT  as 
directed  by  the  user  guided  by  the  above  theory. 
The  circuit  is  entered  into  the  cowuter  as  a 
NETLIST  via  a  file  or  the  keyboard.  The  coaputer 
translates  the  netlist  into  a  PARTS  LIST  which 
is  readily  understood  by  any  user.  The  user  then 
interactively  directs  the  coaputer  to  generate 
the  desired  data. 


It  will  be  noted  froa  the  netlists  and  parts 
list  that  the  aicrowave  active  devices  are 
characterized  by  fixed  frequency  or  frequency 
dependent  S  or  T  paraaeters.  These  paraaeters 
aay  be  saall  signal  for  starting  conditions  or 
large  signal  at  steady  state  conditions.  The 
large  signal  paraaeters  aust  be  aeasured  at  the 
equivalent  input  level  in  the  oscillator.  (See 
Sects  2.2  and  3.12). 

Such  steady  state  data  as  power  output  and  the 
ac  voltages  and  currents  at  the  various 
locations  are  not  included  as  they  are  very 
easily  calculated  as  described  in  Sect  3.12.3f. 

The  applications  are: 

Llator  stu'^ies  of  a  100  MHz  Driscoll  oscillator 
and  a  brief  discussion  of  soae  types  of 
inforaation  available  froa  llator  studies. 


Analysis  of 

A  low  Q.  2  GHz  transaission  line  oscillator. 

A  high  g.  1.1  GHz  transaission  line  oscillator. 
A  4  (>Hz  dielectric  resonator  oscillator. 


The  oscillator  plots  are  for  2  quantities 
versus  the  Fourier  frequency,  f. 

The  circuit  transforaation  of  residual 
noise  at  location  a,  CfFa  (f) 

The  aagnitude  of  the  closed  loop  iapedance, 
Zin  (f),  at  the  input  terainals  of  the  active 
device. 

The  CTSa  function  is  described  in  Sect  3.12 


If  the  noise  perforaance  of  the  oscillator, 

if),  is  known,  then  as  pointed  out  in  Sect 
5.4,  Cmk  (f)  is  calculated  and  the  residual 
noise  can  then  be  calculated  froa  Eq  25. 


The  Zin  quantity  deteraines  the  contribution  of 
the  device  input  noise  current.  In,  to  the 
oscillator  noise  as  it  produces  a  noise  voltage, 
Fi..  =  In  *  Zin,  to  be  added  to  the  device  noise 
voltage,  Vn.  It  is  therefore  very  iaportant, 
tdien  aeasuring  the  device  residual  noise,  that 
the  device  be  terainated  by  the  iapMances 

f  resent  in  the  closed  loop  oscillator, 
n  this  connection,  the  noise  currents  aay  be 
deterained  by  aeasuring  residual  noise  at 
various  known  terainations  and  then  calculating 
the  corresponding  noise  currents  (see  Sect 
3.12.3c). 


8.  100  MHz  LLATOR  STUDIES 


Sect  2.3  defines  the  osci  and  llator.  THe  llator 
aay  be  treated  as  a  subasseably  of  the 
oscillator  and  is  capable  of  being  studied  and 
pretested  independently  of  the  oscillator  and 
osci.  This  is  desirable  because  llator  study, 
aeasureaent,  test,  aanufacture,  and  trouble 
shooting  are  often  auch  siapler  than  those  of 
the  oscillator.  (See  Ref  2) 

Bq  7  relates  the  llator  instability  to  the 
oscillator  frequency.  It  is  seen,  that  while  the 
aajor  contributor  to  the  oscillator  frequency 
instability  is  always  the  osci,  the  llator  too 
can  deteriorate  the  perforaance  soaewhat.  The 
effect  of  the  llator  tuning  on  the  oscillator 
stability  is  investigated  in  this  study.  This 
effect  IS  quite  iaportant  as  aost  oscillators, 
wherein  the  eaitter  or  equivalent  current  is 
also  the  osci  current,  are  usually,  in  practice, 
not  properly  tuned  for  aaxiaua  stability  since 
it  IS  auch  easier  to  tune  for  aaxiaua 
instability. 
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Fig  4  is  the  scheutic  of  the  llator  which  is 
tuned  by  Cv.  IZ  enables  the  calculation  of  Zlc 

Table  1  is  the  corresponding  netlist  which  is 
entered  into  the  conputer. 

(see  next  page  for  Fig  4  and  Table  1) 

Zll  vesrus  Cv  is  plotted  in  Fig  5  in  teras  of 
/?tt,(R)  and  I’t.t.lX).  -Ri.l  roughly  corresponds  to 
the  oscillation  anplitude  and  -Jfc.L  corresponds 
to  the  llator 's  contribution  to  the  oscillator 
frequency.  The  substance  of  Eg  7  for  the 
applicable  resonator  is  given  in  line  3  of  that 
figure. 

At  Cv  =  18  pF,  is  naxinuia.  70  ohKS. 

Unfortunately,  the  X  plot  shows  dx/dCv  to  be 
oaximum  or  at  the  point  of  naxlBun  frequency 
instability  due  to  instability  in  Cv.  The  sane 
plot  shows  the  greatest  stability  (0  slope)  at 
Cv  =  14  and  22  pF.  The  22  pF  point  is  unusable 
because  of  low  -Rut.,  15  ohis.  Aus  the  preferred 
point  is  at  14  pF  where  -Ruu  is  37  ohms.  These 
tacts  translate  into  the  practical  tuning  rule: 
*Start  at  Binimum  Cv.  increase  Cv  until  the 
output  is  maximuD.  Back  off  until  the  output  is 
about  3  dB  below  maxi  nun.  ".The  plot  shows  the 


theoretical  difference  to  be  about  5.5  oB.  The 
smaller  number  is  used  to  allow  for  limiting 
effects. 

The  100  MHz  resonator  is  a  5th  overtune  SC  cut 
quartz  crystal  unit.  After  the  llator  is 
properly  set  for  magnitude  of  -RLL  and  frequency 
staoilicy,  we  turn  our  attention  to  the  study  ot 
the  possibily  of  oscillation  at  one  of  the  other 
crystal  overtone  or  mode  frequencies.  These  are 
listed  in  line  2  of  Fig  5.  Associated  with  each 
frequency,  n.  is  a  measured  crystal  resistance 
Rln.  (Tscillation  at  any  frequency  except  100 
MHz  would  constitute  a  catastrophic  failure. 
Therefore  this  should  be  checked. 

A  frequency  sweep  of  Ruu  is  made.  THc  results 
are  shown  in  Fig.  6. 

If  {Ruu  /  SDioo  <  2  *  {Ruu  /  RDn  ,  for  any 
value  of  n 

that  would  be  cause  for  concern  and  a  redesign 
of  the  llator  should  be  made.  2  is  the  factor  of 
safety  and  opinions  may  vary  as  to  what  this 
factor  should  be.  This  writer's  opinion  is  that 
it  should  be  at  least  2.  Often  it  is  unwittingly 
considerably  less. 


Pig  5  Llator 
R  snd  X  vs  Cv 
LL  LL 


Fig  S  Llator 
R  vs  fo 
LL 
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Pig  4  100  MHz  Llator 
SCHEKHTIC 


C2,C,  2,3,  lE-009  ,0.0.0 

R3,R,  3,0,  1000  ,0,0,0 

R4,R,  3  ,  4  ,  9  ,  0  .  0  .  0 

NkI,H,  5,6,7,  .2077)80189025116  ,  100  ,  1200 

(RbehR,  5  ,  6  ,  481.2828639343197  ,  0  ,  7  .0 

(Cbed),C,  5  ,  6  ,  2.755741564514666E-011  ,0,7,0 

(Vn),V,  4  ,  5  ,  0  ,  0  ,  1  ,  0 

L2,L,  6,8,  8.199999999999999E-006  ,0,0,0 

R5,R,  8  ,  0  ,  300  ,  0  ,  0  ,  0 

R6,R,  3  ,  11  ,  3300  ,6,0,0 

VBB.BV,  6  ,  11  ,  0  ,  0  ,  0  ,  0 

R7,ft,  7  ,  9  ,  l6  ,  0  ,  0  ,  6 

L3,L,  9  ,  10  ,  2.7E-006  ,0,0,0 

R8,R,  10  ,  11  ,  10  ,  0  ,  0  ,  0 

C3,C,  11  ,  0  ,  1000  ,0,0,0 

Ll.L,  9,2,  I.8E-O67  ,0,0,0 

C^.C,  0,9,  1.8E-011  ,0,0,0 

RQ,^,  3  /  ?  /1900  ,  0  ,  0  ,  0 
die,  9  ,  13',  lE-069  ,  0  ,  0  ,  0 
RL,R,  0  ,  13  ,  1200  ,6,6,6 
C'L.C,  6  ,  12  ,  2.766057926362215E-010  ,0,0,0 
0  ,  12  ,  1  ,  0  ,  2  ,  0 

Table  1  100  MHz  Llator 
NETLIST 
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9.  OSCILLATOR  ANALYSES 
9.1  Introduction 


This  section  starts  the  oscillator  analysis  and 
it  begins  with  stating  several  observations, 
cautions,  and  caveats  applicable  to  all  the 
oscillator  analyses  herein. 


so  saall  that  in  practice  it  would  be  swaiped  by 
the  following  aaplifier  or  other  device  noise. 

b.  At  the  higher  frequeicies,  the  values 
of  CTR  is  strongly  influence  by  the  stray  and 
parasitic  eleaents,  present  in  the  real 
oscillator,  which  have  not  been  entered  into  the 
coi^tuter. 

c.  THe  3  parameter  values  are  not  valid 
at  the  higher  frequencies. 


10.1.1.  All  the  oscillator  configurations  are 
ZN  as  that  is  the  easiest  to  understand,  zero, 
aanipulate,  and  lodify.  This  is  in  spite  of  the 
3  fewer  nodes  required  by  the  TN  configuration. 
(See  Sect  3.14) 


10.1.2.  Many  writers  would  classify  these 
oscillators  as  "negative  resistance  analysis 
type*  as  distinct  froi  open  loop  analysis  type. 
This  writer  feels  the  classification  superfluous 
as  negative  resistance  is  a  useful  concept  in 
all  oscillators  and  any  rTgorous  nethod  of 
analysis  useful  for  oscillator  should  be. 
and  IS,  useful  for  alloscillators.  In  the  real 
world,  the  method  '^sen  reflects  the  user's 
past  experience,  history,  likes  and  dislikes, 
prejudices,  and  training,  and  the  availability 
of,  and  capability  and  willingness  to  use,  tools 
such  as  theory,  calculators,  computers,  and 
software,  rather  than  any  requirements  posed  by 
the  oscillator.  The  choice  should  depend  only  on 
the  completeness  of  the  pertinent  information 
and  knowledge  gained  from  the  analysis  and  the 
ease  of  use. 


9.1.3.  The  low  values  of  the  CTR  data  at  the 
higher  values  of  f,  shown  in  the  plots  to 
illustrate  some  important  points,  are 
meaningless  for  3  reasons 

a.  The  noise  corresponding  to  the  CTR  is 


9.1.4.  The  low  values  of  Tin  at  the  higher 
frequen-cies  are  probably  not  too  far  off 
because  they  are  in  the  asymptotic  region. 

9.1.5.  A  very  important  property  of  any 
oscillator  design  is  its  Qop.  ft  is  seen  from  Eq 
36  that  Qop  depends  upon  fo,  RT  and  dx/dt.  For 
a  fixed  dx/di.  Qop  increases  as  RT  decreases. 
These  parameters  are  decribed  for  each 
oscillator. 

9.2  2  GHz  lo-Q  oscillator 


Fig  7  is  the  schematic  diagram  and  Table  2  is 
the  netlist,  both  on  the  next  page. 

Fig  8  shows  Cffi(RL)  and  Zin  plotted  versus  f. 

At  f  =  le4  Hz.  Zin  has  the  surprisingly  high 
value  of  le6  ohms  irtiich  can  be  disasterous  for 
transistors  with  substantial  noise  currents. 

This  oscillator  has  a  very  low  Qop  of  about  1. 
caused  by  the  high  RT,  143  ohms,  in  combination 
with  the  low  value  of  the  effective  dx/df,  1.46 
e-7  ohms/Hz.  Since  this  value  is  typical  for  all 
oscillators  with  a  transmission  line  type 
resonator,  RT  must  be  made  very  small  to  acheive 
high  Qop. 


Fiq  8  2  GHz  Osc. 
CTR  and  Vin  vs  f 
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Pig  7  2  GHz  OSC  SCHEMATIC 


2  GH2  OSC  M  COMP  VGH  =  3,  3 
ri,R,  0,1,  6.8884  ,0.0.0 
CV,C,  0,1,  9.1175966207E-012  ,0,0,0 
Vn.VW,  6,2,  3E-009  ,0,0,0 
hpJOOl  CB  SpaijSP,  2  ,  1  ,  2  ,  50  ,  3  ,  0 
(;,  0  ,  0  ,  .9409999999999999  ,  174  ,  1.9  ,-28 
(,,0,0,  1.01  ,-17  ,  1.3E-002  ,  98 
Li,L,  6,0,  SE-OlO  ,0,0,0 

3,5,  9.999999999999999E-021  ,0,0, 
{dR},R,  5,7,  lE-005  ,0,0.0 
{RVJ,R,  7,8,  1.206733626424983E-003  ,0,0, 
{XV)J,  8  ,  9  ,  4.6696543065859531-004  ,  0  ,  0  , 
TL1,TL,  0  ,  9  ,  0  ,  100  ,  4  ,  4000 
TL2,TL,  0  ,  4  ,  0  ,  100  ,  0  ,  4000 
RIi,R,  4,0,  50  ,0,0,0 
Vs, TP,  0,6,  lEt020  ,0,0,0 
Vin,TP,  1,6,  lE+020  ,0,0,0 


0 

0 

0 


Table  2  2  GHz  OSC  HETLI3T 
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9 . 3 


1.1  GHz  hi-Q  oscillator 

Fig  9  is  the  schenatic  diaqran  and  Table  3  is 
the  netlist. 

Table  i  is  the  Parts  List  for  this  oscillator 
and  is  typical.  The  parts  list  is  custonized 
for  the  frequency,  current  at  the  time  when  the 
list  is  viewed  or  hard  copied. 

Note  that  the  netlist  and  the  parts  list  include 
a  type  SPF  component,  which  is  a  transistor 
characterized  as  a  frequency  dependent  S 
parameter  network.  The  values  of  the  parameters 
are  those  at  the  current  frequency  specified  in 
the  parts  list. 

Note  that  there  2  output  points,  RL  and  RLopt. 


RL  is  at  the  cavity  output.  Rlopt  is  at  the 
transistor  output. 

LUl  and  LH2  are  lead  i inductances. 

Fiq  10  shows  CRTb  and  2in  plotted  versus  f. 

The  curves  are  sumilar  to  those  of  the  2  GHz 
oscillator  except  for  the  effects  of  the  higher 
Q. which  shifts  the  curves  nearer  the  CTR  Y  axis. 

The  Cfff(RL)  and  CfFIRLopt)  curves  are  identical 
for  f  <  le6.  Then  the  cavity  filtering  action 
for  CTRiRL)  evidence?  itself 

dx/df  is  1.48e-7  ohms/Hz,  by  coincidence  almost 
identical  to  that  of  the  7000  GHz  oscillator. 
However  RT  (s  -RR)  is  .237  ohm  which  accounts 
for  the  much  higher  Qop, 


tz  1.1  diz 
ac  circuitry 

RV^  XU 


ckt  tiniUr  to 
Rhta  DSC  BES 
fr  Hall  1990 
P169 
with 
nods 


KO 


Rc 


ft 

J  xTxCl 

NRFSS9f 

>  Uin 

U? 

*  1 

nUHZN 


Cavity 
TL 


342 


Cv 


LL  os 


Ct  RL  V 
For  Z  CONFIG, 
Replace  J  by  IZ 
Set  Vn  =  0 


Fiq  9  1.1  GHz  osc 

SCHEMATIC 


1100  MHz  HI  Q  OSC.  CONF  =  last  letter(s)  of  file  name,  8 
Vn,VW.  7.1,  3E-009  ,0,0,0 
{mrf559f,SPF,  14  ,  1  ,  14  .  50  ,  2  ,  0 

0,0,  .754000014172684  ,  156.3999963555955  ,  1.711999870421175  , 
.3160000263206988  ,-99.40000546660669  ,  .1048000109332134  , 
■  ,  lE-003  ,0,0,0 
680  .  0  ,  0  ,  0 
lE-009  ,0,0,0 
18000  ,0  ,0  ,0 
lE-007  ,  0  ,  0  ,  0 
100  ,  0  ,  0  ,  0 
,  2E-009  ,0,0,0 
,  2E-009  ,0,0,0 
,  u  ,  6.5E-011  ,0,0,0 
0  ,  11  ,  0  ,  100  ,  12  ,  1135 


is's!  i 

Rf,R,  7 
Cf,C  3 
Rb  R  7 
Lc,L,  4 
Rc,R,  5 
LWl,L,  2 
LW2,L,  6 
Cl, 6,  6 
TL1,TL 


/ 

l4 

3 

2 

2 

5 

2 

,  6 
'o’ 


52.1999971654632 

68.80000182220223 


0  ,  0 

#  0 

/  0  ,  0 

0,0,0 


J.  M  ,  ±1.  ,  V  .  1 

Cv,C,  12  ,  0  ,  4E-0l5  ,  0 
VCC,BV,  4  ,  0  ,  15  ,  0  ,  0 
RLopt,R,  0,2,  lOOO  ,  0 
Ct,C,  12  ,  13  ,  lE-013  ,  G  ,  u  ,  u 
IJKJ,  6  ,  8  ,  9.999999999999999E-021  ,  0 
{dR),R,  8,9,  lE-008  ,0,0,0 
{RV},R,  9  ,  10  ,  7.668542056988303E-002  , 
{XV}, X,  10  ,  11  ,-1.280249757079139E-002 
tpct,TP,  0  ,  12  ,  lEj;020  ,  0  ,  0  ,0 
RL,R,  0  ,  l5  ,  50  ,  0  ,  0  ,  0 
Vs  T^,  0,7  lEt020  ,0,0,0 
Vin,T^  7  ,  li  ,  lE+026  ,6,6,0 


Table  3  1.1  GHz  OSC 
NETLIST 


,  0 
0  , 


0  ,  0 
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05-18-1991  19:55:48 

I  OF  COHPONEMTS  =  26  HIGHEST  NODE  I  =  14  t  OP  VOLTEGE  SOURCES  =  2 
MVHQZN  FREQUBICy=  1100000101.233457 

CIRCUIT  NOTE  :  1100  HHz  HI  Q  OSC.  CONF  =  last  lettei(s)  of  file  naae 
CONPNT.  CONNECTED  TO  NODE 

I  SyS  Nl-  ^N2  TyPE  VALUE  PHASE  ANGLE 

1 

IN  LO=  14  ;  HI=  1  -  OUT  LO=  14  :  HI=  2  :  2o=  50 

F  DffBNDENT  SPF,  3  PARAMETER  NTMC  INCLUDING  THE  NEXT  TWO  CPTS 
(  MRF559F  lOV  lOMA  4F  250-1500  HHZ 

3  HAG  sll  =0.7540  ANG  sll  =fl56.4  HAG  s21  =  n.712  ANG  s21  =  f52.2 

4  HAG  sl2  =0.1048  ANG  sl2  =  f68.8  HAG  s22  =0.3160  MG  y22  =  -99.4 

5  RE  0-14  RESISTOR  lB-003 

6  Rf  7-3  RESISTOR  680 

7  Cf  3-2  CAPACITOR  lB-009 

8  Rb  7-2  RESISTOR  18000 

9  Lc  4-5  INDUCTOR  lE-007 

10  Rc  5-2  RESISTOR  100 

II  LHl  2-6  INDUCTOR  2E-009 

12  LW2  6-7  INDUCTOR  2E-009 

13  Cl  6-0  CAPACITOR  6.5E-011 

14  TLl  IN  LO=  0  ;  HI=  11  :  OUT  LO=  0  :  HI=  12  TL,  TRMSHISSION  LINE 

Zo  =  100  ,LAHB0A/4  FREO  (HHz)=  1135 

15  Cv  12-0  CAPACITOR  4E-015 

16  VCC  4-0  BV,  DC  VLTG  15 

17  RLopt  0  -  2  RESISTOR  1000 

18  Ct  12  -  13  CAPACITOR  lE-013 

19  {J}  6-8  JUHPER,  R  =  9.999999999999999B-021 

20  (dRl  8  -  9  RESISTOR  lE-008 

21  (RVi  9  -  10  RESISTOR  7.668542056988303E-002 

22  {XV}  10  -  11  X,  REACTMCE  -1.280249757079139E-002 

23  tpct  0-12  TESTPOINT  SET.  R  =  lE+020 

24  RL  0  -  13  RESISTOR  50 

25  Vs  0-7  TESTPOINT  SET,  R  =  lE+020 

26  Vin  7-14  TESTPOINT  SET,  R  =  lEt020 

Table  4  1.1  GHz  OSC  PARTS  LIST 


fig  10  1.1  GHz  OSC 
CTR  and  Zin  vs  f 


381 


9.3  4  GHz  dielectric 

resonator  osci 1 lator 


Piq  11  is  the  schematic  diagram  and  Table  5  is 
the  netlist,  both  on  the  next  page. 

Ls  and  Lx  are  lead  inductance. 

Pig  1?  shows  CRT^  and  2in  plotted  versus  f. 

These  curves  include  data  for  both  the  upper  and 
lower  sidebands,  US  and  LS,  of  the  spectrum 
since  they  may  not  be  symmetrical.  The  asymmetry 
is  causea  bjr  the  fact  that  the  signal,  at  the 
location  being  observed,  is  the  sum  of  at  least 
2  signals  arriving  via  aifferent  paths.  If  there 
is  only  1  major  llator  noise  source  then  the 
signals  are  correlated  and  must  be  combined  as 
phasors. 

The  relative  phase  varies  with  the  frequency  f, 
and  at  /  =  fa  the  signals  will  be  in  phase  in 
one  sideband  and  out  of  phase  in  the  other 
sideband.  The  out  of  phase  signals  causes  dips 
in  the  CTR  function  in  the  region  of  fa.  The 
value  of  fa  has  a  strong  dependence  upon  Qop, 
being  closer  to  fo  the  greater  the  Qcp  because 


the  phase  shifts  more  rapidly. 

The  magnitude  of  the  dip  is  a  function  of  the 
equality  of  the  magnitudes  of  the  signals.  Per 
example,  a  10  MHz  crystal  oscillator,  he, ii.g  a 
Qop  of  1E6,  may  have  a  noise  dip  greater  than  20 
dB  in  its  lower  sideband  output  at  fa  =  2j  Hz. 
THere  is  no  sign  of  a  dip  in  the  resonator 
current  noise  since  only  a  single  path  is  then 
involved. 

This  effect  cay  be  of  great  importance  in 
systems  which  require  a  low  noise  signal  in  a 
relatively  narrow  f  region  close  to  the  carrier. 

CfRa  curves  are  provided  for  2  locations,  RL  and 
Ldc.(Ld).  Ldc  is  at  a  location  suitable  for 
extracting  power.  Also  at  this  location  the 
asymmetry  is  much  greater  than  at  RL.  Curve  E 
for  (Xd  US  (ao  =  CTRLd)  shows  a  10  dB  dip  at  fa 
s  2E5  Hz.  Curve  C,  shows  a  negligable  dip  in  CRL 
US. 

A  strong  dip  also  exists  in  curve  A,  the  curve 
for  fin  US.  at  a  somewhat  higher  fa. 


a  some'. 'hat  higher  fa. 


RT  =  5.5  ohms  and  dx/df  =  1.216E-5  ohm/Hz.  The 
Qop  is  therefore  4420. 


DR7ZN  OSC  CTRrn  (f)  8c  |Zin|  (f) 
=  RL  <&:  Ldc(Ld)  Qop  =  4 

AT  1  -  1E3  Hz  ALL  4oPES  ARE  -20dB  /DEC 


LOPES  ARE  -20dB  /DEC 

IZinj  dB  t  OHM 


E5 

IE 

Hz 

IZnl  US 
iZInj  LS 
30-^-  CRL  LS 


PARZEN 


CRL  US 

20 

15 

10 CLd  IS 
c  CLd  US 


DR7ZtO 


Pig  12  4  GHz  DRO  CTRrn  and  Zin  vs  f 


Pig  ’1  4  GHz  URO 
SCHEMATIC 


DIELECTRIC  RSONATOR  4  GHZ  OSC  N  CONPIG, 
7  .  13  ,  9.999999999999999E-02r 
{dR},ft,  13  ,  1  ,  lE-007  ,0,0.0 
{XV), X,  1  ,  2  ,-3.917136581082582E-005 
{RV},R,  2  ,  3  ,-2.781566539213837E-002 
TLin,TL,  O  ,  3  ,  0  ,  50  ,  4  ,  4592 
TLout.TL,  0  ,  5  ,  0  ,  50  ,  6  ,  5000 
rt,R,  0  ,  6  ,  50  ,  0  ,  0  ,  0 
Ldci,  0,7,  lE-005  ,  0  ,  0  ,0 
Lx,L,  7  ,  8  ,  2.015205?575«715e-010  , 
Q1-CE3P,SP,  8  ,  9  ,  8  ,  50  ,  10  ,  0 
(,,0,0,  ,8057  ,-176.74  ,  2.599  ,  74 
(,,0,0,  .4306  -22.94  ,  3.16E-002  , 
Vn,VW,  9  ,  11  ,  3E  39  ,  0  ,  0  ,  0 
Ls.L,  0  ,  11  ,  3.1E-010  ,0,0,0 
DR1,W,  4,5,  4,1E-010  ,  10000  ,  0 
L2dc,L,  0  ,  10  ,  lE-005  ,0,0,0 
RL,R,  6  ,  10  ,  50  ,  0  ,  0  ,  0 


0  ,  5.064764482827642  ,  4000000000 
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56. 


54 


4000 


Table  5  4  GHz  DRO 
NETLIST 


Vs  Tr  0' 

Vin,T^,  8’,  11',  lE+020' 


11  ,  1E+020 


,  0  , 
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Abstract 

This  paper  describes  a  newly  patented, 
low  power,  ovenized  oscillator  with  the 
crystal  heated  directly  by  neans  of  a  thin 
film  resistive  heater  deposited  on  its 
surface.  Mounting  the  resonator  inside  an 
evacuated  enclosure  forms  a  miniature 
"thermos"  bottle.  The  only  significant  path 
for  heat  loss  is  through  the  resonator 
mounting  ribbons  and  posts  and  these,  being 
long  and  thin,  have  quite  high  thermal 
resistance.  Pulse  duration  modulation 
controls  resonator  heating  current.  Phase 
noise,  Allan  variance,  and  aging  all  appear 
unaffected  by  direct  resonator  beating. 
Practical  results  for  an  oscillator 
employing  these  concepts  are  encouraging. 
Frequency-temperature  stability  better  than 
±2.5  X  10'”  from  0  to  70°c.  has  been  achieved 
using  a  third  overtone  10.230  MHz  SC-cut 
resonator  with  room  temperature  power 
consiunption  of  about  300  mW.  Theoretical 
analysis  shows  substantial  beating  power 
reduction  is  possible  by  Introducing 
additional  thermal  resistance  in  the  form  of 
a  glass  ring  as  part  of  the  resonator 
mounting  structure.  Room  temperature  power 
consumption  under  100  mW  appears  feasible. 

Introduction 

Quartz  crystal  resonators  are  the 
backbone  of  modern  communications 
Giectronics.  One  observer  remarked  "Quartz 
is  such  an  unexpected  blessing  its  very 
existence  might  well  be  recalled  in  any 
debate  over  the  benevolence  of  the  creator". 
[1]  But  quartz  crystal  resonators  are  not 
perfect.  In  many  applications  the  basic 
frequency  temperature  stability  of  the 
resonator  is  insufficient.  Assuming  the 
crystal  cut  has  been  wisely  selected,  and 
the  angle  precisely  maintained  during 
manufacturing,  only  two  general  techniques 
exist  to  improve  oscillator  frequency 
temperature  stability.  The  first  is 
compensation.  In  Temperature  Compensated 
Crystal  Oscillators  (TCXO)  temperature 
sensitivity  is  reduced  by  adjusting  the 
oscillator  circuit  to  compensate  for 
temperature  induced  frequency  shifts.  The 
prevailing  technique  employs  a  thermistor 
network  developing  a  temperature  dependent 
correction  voltage  applied  to  a  voltage 
variable  capacitance  thereby  restoring 
frequency  stability. 


TCXO  Limitations 

Every  resonator  has  a  unique  frecjuency 
temperature  characteristic  requiring  custom 
compensation  — a  major  liability  in  mass 
production.  Low  cost  TCXOs  have  thermistor 
compensation  networks  designed  solely  upon 
the  basis  of  the  crystal  frequency 
temperature  curve.  Better  TCXOs  are 
subjected  to  a  requirement  run  revealing  the 
frequency  temperature  behavior  of  the 
oscillator  as  a  whole.  A  second  frequency 
temperature  test,  the  confirmation  run, 
confirms  correct  compensation.  Additional 
temperature  testing  and  adjustment  of  the 
thermistor  network  is  often  necessary. 

Temperature  compensated  oscillators 
have  not  improved  greatly  in  recent  years. 
The  factors  limiting  TCXO  performance  are 
exhaustively  researched  and  documented.  One 
important  factor  is  hysteresis.  Repeated 
frequency  temperature  curves,  or  curves  made 
in  opposite  directions  fail  to  overlap. 
While  speculation  to  the  cause  of  hysteresis 
is  plentiful,  practical  measures  for  its 
elimination  or  reduction  are  scarce. 
Process  control  and  cleanliness  have  some 
effect  but  hysteresis  is  also  in  part  an 
unavoidable  intrinsic  property  of  quartz. 
As  a  practical  matter,  hysteresis  guarantees 
temperature  compensated  oscillators  rarely 
perform  quite  as  well  in  the  field  as  they 
do  during  the  factory  confirmation  run. 

Quartz  crystal  resonators  age. 
Accordingly  most  precision  oscillators  have 
a  electrical  or  mechanical  frequency 
adjustment.  Unfortunately  aging  adjustment 
upsets  temperature  compensation.  This 
inconvenient  phenomenon  is  the  trim  effect. 
Aging  adjustment  changes  the  slope  or 
linearity  of  the  varactor  tuning  network. 
Correction  voltage  from  the  thermistor 
network  is  no  longer  accurate.  Attention  to 
tuning  network  linearity  and  using  the  same 
tuning  network  for  both  temperature 
compensation  and  aging  adjustment  reduces 
the  trim  effect.  Some  digitally  compensated 
oscillators  avoid  the  varactor  tuning 
network  altogether.  Pulse  dropping  corrects 
oscillator  frequency,  circumventing  the  trim 
effect.  However  hysteresis  still  limits 
compensation  accuracy  and  the  missing  pulses 
play  havoc  with  the  oscillator  short  term 
stability. 
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TCXO  stability  also  suffers  if 
temperature  changes  too  quickly.  It  is  not 
possible  to  place  the  thermistor  network 
directly  on  the  resonator  as  it  is  mounted 
inside  an  evacuated  enclosure  for  high  Q  and 
low  aging.  Thermistors  mounted  on  the 
crystal  case  respond  to  sudden  temperature 
changes  before  the  rescn»tor.  The 
compensation  network  compensates  for  the 
wrong  temperature  causing  large  transient 
frequency  shifts. 

Finally  high  performance  doubly  rotated 
resonators  cannot  be  used  in  TCXOs.  TCXO 
crystals  often  have  frequency  temperature 
inflection  points  just  outside  the  specified 
temperature  range.  This  sets  up  a  largely 
linear  frequency  temperature  characteristic 
across  the  specified  temperature  range 
simplifying  the  compensation  network  but 
also  demands  a  wide  frequency  adjustment 
range  from  the  oscillator.  TCXO  resonators 
cannot  be  "stiff".  Doubly  rotated 
resonators  especially  the  SC-cut  have  many 
desirable  properties  including  lower  phase 
noise,  better  aging  and  reduced  acceleration 
sensitivity  but  are  too  stiff  to  temperature 
compensate.  Consequently  TCXOs  are  limited 
to  AT-cut  resonators  and  the  improved 
performance  possible  with  doubly  rotated 
resonators  remains  out  of  reach. 

Other  compensation  schemes  develop 
correction  voltages  by  means  of  a  digital 
look-up  table  and  a  digital  to  analog 
converter,  or  by  analog  computation  of  the 
required  cubic  correction  factor  from  a 
linear  temperature  sensor  but  these 
techniques  also  share  the  fundamental 
shortcomings  mentioned  before.  In  short 
TCXO  technology  is  inadequate  in  many 
applications  with  further  improvement 
unlikely. 


Ovenized  Oscillators 

Of  course  undesirable  frequency 
temperature  excursions  can  be  avoided  by 
simply  maintaining  the  resonator  at  a 
constant  elevated  temperature  by  means  of 
electrical  heating  controlled  by  a 
thermostat  or  proportional  controller.  This 
is  the  basis  of  oven  controlled  crystal 
oscillators  (OCXOs) .  Frequency  temperature 
stability  can  be  as  much  as  one  thousand 
times  better  than  a  TCXO  but  improved 
performance  comes  at  a  steep  price.  OCXO 
power  consumption  exceeds  that  of  TCXOs  by 
a  factor  of  at  least  several  hundred. 
Furthermore  OCXOs,  burdened  by  the  need  to 
surround  the  resonator  and  associated 
oscillator  circuity  first  by  a  heated 
metallic  enclosure  and  then  by  thermal 
insulation,  are  difficult  to  miniaturize. 

Ovenized  oscillators,  like  TCXOs, 
represent  mature  technology. 

Recent  introduction  of  doubly  rotated 
resonators  has  enabled  improvement  in  the 


areas  of  aging,  phase  noise  and  frequency 
temperature  stability  but  on  the  whole  the 
pace  of  development  has  slowed.  Power 
consumption  remains  a  critical  issue. 

Oven  Power  Reduction 

There  are  two  ways  to  reduce  oven 
power.  First,  make  the  heated  volume  as 
small  as  possible.  This  reduces  the  area 
from  which  heat  is  lost  and,  for  fixed 
outside  dimensions,  maximizes  the  volume 
available  for  insulation.  Only  the 
oscillator  components  that  are  unavoidably 
temperature  sensitive  should  be  heated. 
Ideally  the  resonator  should  be  the  only 
temperature  sensitive  component.  Most 
oscillators  have  some  temperature 
sensitivity  which  is  minimized  by  stable 
bias,  avoidance  of  active  device  saturation 
and  high  permittivity  ferrites,  and  by  using 
high  quality  temperature  stable  components. 
Second,  the  thermal  insulation  must  be  as 
effective  as  possible.  While  urethane  foam 
and  fiber  glass  type  material  are  commonly 
used,  vacuum  is  the  ideal  thermal  insulator. 

By  this  line  of  reasoning  the  ultimate 
ovenized  oscillator  is  a  temperature 
insensitive  amplifier  and  associated 
feedback  loop  components  connected  to  a 
heated  resonator,  the  latter  suspended  in  an 
evacuated  enclosure.  This  immediately 
suggests  depositing  a  resistive  thi  —film 
heating  element  on  an  otherwise  ordinary 
resonator  inside  a  standard  evacuated 
crystal  enclosure  forming  a  directly  heated 
resonator.  Figure  1  shows  a  directly  heated 
resonator  mounted  inside  a  conventional  TO-5 
enclosure.  The  heating  element,  split  into 
two  semi-circular  sections  to  avoid  shorting 
the  resonator  electrodes,  runs  along  the 
edge.  The  heating  elements  are  applied  with 
the  same  vapor  deposition  process  used  to 
deposit  the  resonator  electrodes  but  with 
reduced  thickness  in  order  to  increase 
electrical  resistance. 
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FIGURE  1 

CRYSTAL  RESONATOR 
WITH  THIN  FILM  RESISTIVE  HEATER 


Quartz  Crystal  Thermal  Model 
A  quartz  crystal  resonator  is  a  complex 
thermal  system.  Because  the  resonator 
enclosure  is  evacuated,  heat  is  not 
conducted  efficiently  into  the  resonator. 
Convection  is  absent,  and  heat  transfer  by 
radiation  is  negliable  for  all  but  very 
large  temperature  differences.  The  only 
significant  heat  conduction  path  into  the 
resonator  is  through  the  resonator  support 
posts.  The  long  thin  posts  present  a 
substantial  thermal  resistance.  Thennal 
resistance  refers  to  a  resistance  to  heat 
flow  in  an  analogy  with  Ohms  Law.  Heat  flow 
(in  Watts)  corresponds  to  electrical 
current.  A  heat  source  models  as  a  current 
source.  Thermal  insulation  offers  a 
resistance  to  heat  flow  with  units  degrees 
Centigrade  per  Watt.  In  this  analogy,  a 
voltage  arop  corresponds  to  a  temperature 
difference.  Thermal  resistance  between  the 
resonator  and  its  enclosure  is  responsible 
in  part  for  the  poor  performance  of  TCXOs  in 
response  to  temperature  slew.  Ovenized 
oscillators  are  also  affected.  Because  it 
takes  time  for  heat  to  travel  through  the 
crystal  leads  into  the  resonator,  ovenized 
oscillators  continue  to  drift  after  the  oven 
temperature  has  stabilized.  The  thermal  time 
delay  in  both  cases  is  analogous  to  a  RC  low 
pass  filter  with  the  specific  heat  of  the 
quartz  resonator  functioning  as  the  shunt 
capacitor.  Quartz  crystal  resonators, 
especially  AT-cuts,  are  further  affected  by 
mechanical  stress  accompanying  the  thermal 
gradients  induced  as  heat  flows  from  the 
mounting  posts  at  the  edge  towards  the 
active  region  underneath  the  electrodes  in 
the  center. 


Directly  Heated  Resonators 

The  ideal  of  depositing  a  heating 
element  directly  upon  the  resonator  surface 
has  been  around  for  some  time  -  a  patent  was 
issued  in  1969  [2]  -  but  directly  heated 
resonators  have  never  been  widely  used.  Two 
problems  stand  in  the  way  of 
commercialization. 

The  first  centers  on  the  difficulty  of 
controlling  resonator  temperature. 
Conventional  ovenized  oscillators  sense  the 
temperature  of  the  heated  enclosure 
surrounding  the  oscillator.  This  approach 
fails  when  the  resonator  alone  is  heated.  In 
principal  a  sensor  could  be  placed  on  the 
resonator  surface  but  several  difficulties 
arise  on  this  score.  The  sensor  mass  loads 
and  damps  the  resonator,  and  might 
compromise  aging. 

The  second  problem  is  more  fundamental. 
Directly  heated  resonators  experience 
significant  mechanical  stress  coming  from 
large  thermal  gradients  underneath  the  thin- 
film  heater.  Quartz  crystal  resonators 
react  to  stress  by  changing  frequency. 
Greenhouse,  et.  al.,  [3]  encountered  stress 


induced  frequency  shifts  in  an  AT-Cut 
ovenized  crystal  oscillator  using  a  directly 
heated  resonator  to  reduce  warm-up  time, 
reverting  to  conventional  heating  during 
operation.  Thermal  frequency  shift  is  a 
central  issue  in  the  development  of 
practical  directly  heated  resonators. 

Resonator  Temperature  Control 

Maintaining  a  constant  resonator 
temperature  despite  ambient  temperature 
variations  is  the  function  of  the  heater 
control  circuitry.  The  control  circuit 
transfer  function,  having  units  of  Watts  per 
degree,  may  be  thought  of  as  an  eguivalent 
thermal  conductance  ideally  the  reciprocal 
of  resonator  thermal  resistance.  It 
increases  heating  current  by  a  set  amount 
for  each  degree  drop  of  the  enclosure 
temperature. 

Three  parameters  are  needed  to 
accurately  estimate  resonator  temperature 
without  direct  sensor  contact;  case 
temperature,  resonator-to-case  thermal 
resistance,  and  resonator  heater  power. 
Case  temperature  is  easily  measured  by  a 
variety  of  temperature  sensors.  Because 
thermal  resistance  is  determined  primarily 
by  the  resonator  mounting  structure,  it  can 
be  measured  once  for  a  given  mechanical 
configuration  and  considered  constant 
thereafter.  Measured  variation  between 
resonators  is  small.  Resonator  heating 
power  is  monitored  by  observing  heating 
current. 

Efficient  control  of  heating  current  is 
necessary.  Conventional  ovenized 
oscillators  control  heating  element  current 
with  a  variable  resistance  pass  element, 
typically  a  transistor.  Voltage  division 
insures  a  sizable  portion  of  the  heating 
power  dissipates  in  the  control  device 
instead  of  the  heating  element.  This  heat 
is  wasted  unless  the  control  device  is 
mounted  on  the  temperature  controlled 
structure,  an  impractical  solution  in  the 
case  of  directly  heated  resonators.  Control 
device  dissipation  also  disrupts  the 
otherwise  linear  relationship  between 
heating  current  and  element  power. 

Pulse  width  modulation  of  heating 
current  overcomes  both  objections.  Because 
the  control  device  is  either  on  or  off  and 
ideally  dissipation  free,  heating  power  is 
applied  directly  and  solely  to  the 
resonator.  A  single  switching  power  supply 
integrated  circuit  provides  all  necessary 
control  functions. 

The  control  system  described  earlier  is 
open  loop  having  no  feedback  and  it  is  not 
able  to  correct  for  errors  in  the  controller 
gain  setting  or  variation  of  resonator 
thermal  resistance.  Still  it  provides 
acceptable  performance.  Adding  thermal 
insulation  external  to  the  resonator  case  is 
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a  worthwhile  improvement  as  it  introduces  a 
useful  measure  of  thermal  negative  feedback. 
Power  consumption  is  also  slightly  reduced. 

A  fully  closed  loop  control  system, 
capable  of  compensating  for  all  gain 
mismatch  errors  can  be  built  using  a  dual 
mode  oscillator  and  resonator  self¬ 
temperature  sensing  as  described  by 
Schodowski  [4].  Two  resonator  modes  are 
excited  into  oscillation  simultaneously. 
One  mode,  being  largely  temperature 
insensitive,  generates  the  oscillator  output 
signal.  The  frequency  of  the  second  mode 
indicates  resonator  temperature. 

Dual  mode  oscillators  have  generated  a 
lot  of  interest  lately.  In  the  dominant 
concept,  output  pulses  are  dropped  one  at  a 
time  to  maintain  a  constant  average  output 
frequency  as  the  resonator  frequency  changes 
with  temperature.  This  technique  has 
potentially  very  low  power  consumption  -  no 
heating  power  is  used  -  but  the  phase 
perturbations  accompanying  the  missing 
pulses  are  severe.  Phase  locking  and  direct 
digital  synthesis  are  proposed  to  overcome 
this  limitation  but  these  complicate  an 
otherwise  elegant  scheme  and  increase  power 
consumption. 


Combining  resonator  sel f -temperature 
sensing  and  direct  heating  gives  a  stable, 
spectrally  pure  oscillator.  A  simple  phase 
lock  maintains  a  constant  beat  note 
frequency  between  the  oscillation  modes  and 
insures  constant  resonator  temperature. 
Crystal  hysteresis  is  avoided  and  power 
consumption,  while  not  as  low  as  in  the 
pulse  dropping  scheme,  is  still  quite 
respectable  when  one  considers  additional 
phase  noise  clean  up  circuitry  is  not 
unnecessary . 


Thermal  Stress 

Thermal  stress  induced  frequency  shift 
is  a  key  issue  affecting  development  of 
directly  heated  resonators.  It  has  two 
components,  a  transient  shift  occurring 
whenever  heating  power  is  applied  or 
removed,  and  a  static  shift  present 
continuously  while  the  resonator  is  heated. 
Figures  2  and  3  show  the  frequency  shift  of 
an  oscillator  using  a  directly  heated  10 
MHz,  fundamental  mode,  FC-cut  resonator. 
Transient  shift  stands  out  in  Figures  2.1 
and  2.2.  With  300  mW  applied  to  the  heater, 
the  resonator  temperature  rises  about  60“C. 
The  transient  shift  dies  out  quickly  without 
noticeable  effect  provided  tne  heater  PWM 
frequency  is  sufficiently  high. 


FIGURE  2 

THERMAL  STRESS  INDUCED 
FREQUENCY  SHIFT 


FIGURE  2.1 


FIGURE  2.2 
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FIGURE  3 


Figure  3  shows  static  frequency  shift 
for  five  resonator  heating  powers.  The 
horizontal  axis  represents  estimated 
resonator  temperature  calculated  from  the 
product  of  the  resonator  to  case  thermal 
resistance,  and  the  resonator  heating  power. 
Without  thermal  stress,  all  curves  should 
overlap  being  simply  the  same  frequency- 
temperature  curve  repeated  five  times. 

Measurements  of  this  type  were  our 
first  attempt  to  measure  resonator  to  case 
thermal  resistance.  We  hoped  to  shift  the 
curves  until  they  overlapped.  Then,  for  a 
given  heater  power,  the  horizontal  shift 
equals  the  resonator  temperature  rise  and 
division  yields  the  resonator  thermal 
resistance.  i  t  the  curves  don't  overlap. 
A  hump  or  bulg^  begins  to  form  below  25°C, 
gro'’ing  larger  with  heating  power.  The 
family  of  curves  in  Figure  3  bears  a 
striking  resemblance  to  FC-cut  frequency- 
temperature  curves  as  a  function  of 
orientation  angle.  Direct  resonator  heating 
appears  to  shift  the  effective  resonator 
angle . 

At  first  we  thought  stress  induced 
frequency  shift  would  obstruct  practical 
exploitation  of  directly  heated  resonators 
but  later  observations  suggest  frequency 
shift  is  largely  a  linear  function  of 
applied  heating  power  and  can  be  dealt  with 
by  compensation,  or  by  adjusting  the  heater 
control  circuitry  to  slightly  underheat  the 


resonator.  In  the  latter  case,  resonator 
temperature  drops  as  the  ambient  temperature 
falls,  but  the  thermal  stress  induced 
frequency  shift  compensates  the  frequency 
drop  that  would  otherwise  occur  retaining 
frequency  stability  and  slightly  reducing 
power  consumption.  FC-cut  resonators,  which 
are  only  slightly  stress  compensated  give 
acceptable  results  used  in  this  fashion  and 
SC-cut  resonators,  having  greater  stress 
immunity,  work  better.  The  exact 
relationship  between  thermal  stress  and 
frequency  shift  is  unknown  but  the  under¬ 
adjustment  compensation  scheme  based  upon 
the  assumption  of  linearity  works  well. 
Dauwalter  [5]  reported  a  linear  frequency 
shift  accompanying  compressive  stress  in  15 
MHz  AT-Cut  resonators  with  less  than  one 
part  in  ten  thousand  non-linearity.  This 
implies  frequency  shift  compensation  of  DHXO 
oscillators  can  be  simple  and  very  accurate. 

In  the  future  we  hope  to  modify  the 
heating  element  shape  in  order  to  reduce 
resonator  stress.  The  existing  heater 
pattern  applies  heat  more  or  less  evenly 
around  the  outer  edge  of  the  resonator. 
Concentrating  more  heat  near  the  resonator 
support  posts  which  draw  heat  from  the 
resonator  is  a  step  in  the  right  direction. 

Another  untried  approach  sets  the 
resonator  operating  temperature  at  the 
inflection  point  instead  of  the  usual  lower 
turn  point.  This  relies  upon  the  assumption 
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thermal  stress  causes  a  precession  of 
apparent  resonator  angle  without  affecting 
the  location  of  the  inflection  point.  If 
correct,  this  means  thermal  frequency  shift 
is  absent  at  the  inflection  point. 

Finally  a  method  of  increasing 
resonator  thermal  resistance  is  described 
latter  in  this  paper.  Decreased  heating 
power  consumption  is  the  prime  objective  but 
thermal  stress  is  also  reduced.  To 
summarize  thermal  stress  induced  frequency 
shift  in  directly  heated  crystal  oscillators 
can  be  successfully  circumvented  and  further 
prospects  for  improved  performance  via 
various  stress  reduction  measures  are 
promising. 


Applications  and  Results 
Our  development  effort  so  far 
concentrates  on  two  specific  embodiments. 
The  first  is  a  very  low  power  oscillator 
intended  for  battery  operation  as 
encountered  in  rescue  beacons.  The  most 
important  factors  in  this  application  are 
power  consumption  and  short  term  frequency 
stability  under  temperature  slew.  Phase 
noise,  aging  and  f requency-temperature 
stability  are  secondary  but  still  important 
factors  and  the  expected  ambient  temperature 
ranges  from  -20  to  +  eo^C. 

The  second  variation  is  a  low  power 
high  performance  oscillator  suitable  for  use 


in  portable  instrumentation  and  navigation 
equipment.  This  oscillator  consumes  more 
power  but  the  frequency-temperature 
stability  is  much  better.  The  standard 
commercial  temperature  range,  0  to  70°C 
applies  to  this  oscillator.  The  primary 
difference  between  the  two  versions  is  the 
choice  of  crystal.  The  first  uses  a  10  MHz, 
fundamental  mode  FC-cut  resonator.  The 
second  employs  a  10  or  10.2  30  MHz,  third 
overtone  SC-cut  resonator. 

The  wide  region  of  near-zero  frequency- 
temperature  coefficient  exhibited  by  FC-cut 
resonators  between  approximately  30  and  70°C 
enables  significant  power  savings 
applications  needing  limited  temperature 
stability.  Conventional  ovenized 
oscillators  heat  the  resonator  well  above 
the  highest  expected  ambient  temperature 
achieving  excellent  frequency  temperature 
stability  at  the  expense  of  power 
consumption.  At  average  and  low  ambient 
temperatures  power  consumption  is  much 
larger  than  need  be. 

While  rescue  beacons  can  experience 
very  high  temperatures,  daytime  desert  heat 
for  example,  less  extreme  temperatures  are 
more  likely  especially  for  beacons  floating 
in  seawater.  Battery  size  is  limited  and 
the  system  frequency  temperature  stability 
needs  are  modest.  Taken  together,  trading 
temperature  stability  for  increased  battery 
life  is  attractive.  Between  30  and  60°C, 


BEACON  OSCILLATOR 

Freq.  vs  Temp.  10.00  MHz  FC-Cut 


389 


FC-cut  temperature  stability  is  sufficient  The  oscillator  uses  the  Piezo  standard 

without  heater  power.  Below  30°C,  applying  low  phase  noise  circuit  with  no  modification 

heater  current  as  the  ambient  temperature  or  component  sorting.  Crystal  frequency  is 

drops  maintains  resonator  temperature  and  10.230  MHz.  Close  in  phase  noise  is  quite 

oscillator  stability.  Figure  4  shows  the  good,  -123  dBc  at  10  Hz  offset  in  a  one 

result.  Frequency-temperature  stability  Hertz  bandwidth  and  is  unaffected  by  direct 

between  -20  and  +60°C  is  better  than  +  1.2  resonator  heating.  Figure  6  shows 

ppm.  The  transition  between  heated  and  oscillator  phase  noise  with  and  without 

unheated  operation  begins  at  30  degrees.  resonator  heating.  The  close  in  phase  noise 

Temperature  slew  at  a  l.5°C  per  minute  does  slope  of  30  dB  per  decade  extends  inward  to 

not  affect  stability.  Allen  variance  is  within  10  mHz  of  the  carrier.  The  phase 

quite  good,  superior  to  comparable  TCXO  noise  floor  beyond  100  Hz  does  increase  by 

performance.  about  three  dB  and  spurious  at  multiples  of 

the  heating  PWM  frequency  are  present. 

A  small  production  run  of  these  devices  Spurious  had  been  much  higher  before  some 

showed  quite  acceptable  unit  to  unit  obvious  ground  loops  were  eliminated.  Even 

consistency.  Initially,  we  thought  each  then  the  laboratory  breadboard  construction 

oscillator  might  require  a  unique  controller  and  layout  was  less  than  ideal, 

thermal  gain  to  compensate  for  unit  to  unit  Insufficient  isolation  remains  a  likely 

variations  of  the  resonator  thermal  cause  of  switching  frequency  spurious.  On 

resistance  and  thermal  stress  compensation,  the  other  hand,  spurious  might  be  thermal 

however  after  experimentally  determining  the  stress  modulation  of  the  crystal  resonant 

correct  setting  for  the  first  oscillator,  frequency  but  it  must  be  noted  heating 

the  remaining  oscillators  showed  nearly  frequency  sidebands  were  no  higher  on  the 

identical  performance  without  additional  FC-cut  DHXO  which  should,  in  principal,  be 

adjustment.  Further  work  directed  towards  more  susceptible  to  stress  modulation, 

size  and  cost  reduction  is  underway.  Stress  modulation  can  be  reduced  by 

converting  the  heater  current  pulse  train 

The  second  directly  heated  crystal  into  direct  current  by  means  of  an  LC  filter 

oscillator  (DHXO)  product  under  development  and  a  commutating  diode.  Increased  switching 

offers  an  order  of  magnitude  improvement  in  rate  also  helps.  Allan  variance  is 
frequency  temperature  stability  compared  to  unaffected  by  resonator  heating,  Figure  7. 
the  best  TCXOs,  at  on  tenth  the  power 
consumption  of  conventional  crystal 

oscillators.  Figure  5  shows  the  frequency 

temperature  performance  of  a  laboratory 
prototype.  Total  deviation  over  0  to  VO^C 
is  less  than  +  2.5  x  10'®  with  heating  power 
consumption  of  270  mW  at  25°C. 


INSTRUMENTATION  OSCILLATOR 

Freq,  vs.  Temp.  10.830  MHz  SC-cut 


Temperature  in  C 

FIGURE  5 
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DHXO  Power  Reduction 

A  simple  modification  of  the  crystal 
mounting  structure  reduces  DHXO  heating 
power  consumption.  Thermal  resistance  of 
the  mounting  posts  is  increased  by  adding  an 
insulative  ring  as  illustrated  in  Figure  8. 
Resonator  mounting  ribbons  attach  midway 
between  adjacent  mounting  posts  providing 
maximum  thermal  resistance.  Thin  film 
conductors  deposited  upon  the  ring  surface 
maintain  electrical  continuity.  The 
insulative  ring  can  be  glass  or  quartz  or 
any  other  thermally  insulative  material 
compatible  with  metallic  surface  thin  films. 
A  hand  built  prototype  nearly  halved  heating 
power.  Computer  thermal  modeling  predicts 
much  larger  potential  power  savings 
suggesting  the  prototype  thin  film 
conductors  might  have  been  too  thick. 
Reduced  heating  power  brings  about  decreased 
stress  induced  frequency  shift,  easing 
concerns  on  that  account.  The  insulative 
ring  is  also  an  ideal  location  for  the 
temperature  sensor.  Reduced  thermal  time 
constant  betrween  the  resonator  and  the 
sensor  improves  response  to  thermal 
transients  including  warm-up.  Thermal 
resistance  between  the  sensor  and  the 
ambient  environment  adds  negative  feedback 
to  the  control  circuit  reducing  the 
sensitivity  of  the  controller  thermal  gain 
adjustment . 
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Introduction 

This  new  Microcomputer-Compensated  Crystal 
Oscillator  employs  hybridized  crystal  oscillator  circuits 
combined  with  an  Application-Specific  Integrated  Circuit 
and  a  Microcontroller.  It  provides  both  frequency  and 
time  accuracies  of  30  parts  per  billion  over  the  tempera¬ 
ture  range  of  -55  to  +85  degrees  Celsius  with  negligible 
warm-up  time  and  low  power  consumption. 

Tiie  ASIC  contains  the  signal  mixers,  divider 
chains,  counters,  phase  comparators,  digital  control  logic 
and  a  Direct  Digital  Synthesizer.  During  calibration  the 
frequency/temperature  (F/T)  characteristics  of  both  the  fun¬ 
damental  and  the  3rd  overtone  of  the  SC-cut  resonator  are 
measured,  as  sustained  by  a  Dual  Overtone  Crystal  Oscil¬ 
lator'.  Two  7th-order  polynomials  are  fitted  to  the  F/T 
data  collected  for  each  crystal  and  the  coefficients  are 
stored  in  the  non-volatile  memory  of  the  MCXO.  Through 


the  microcomputer,  the  polynomial  controls  the  correction 
frequency  generated  by  the  DDS  which,  when  summed 
with  the  output  of  the  3rd  overtone  frequency  oscillator, 
(using  the  phase-locked  loop)  produces  the  very  stable 
temperature-corrected  output  frequency. 

A  block  diagram  of  the  MCXO  is  shown  in  Fig¬ 
ure  1.  Detailed  explanations  of  this  system  and  the  factors 
controlling  its  performance  were  described  at  the  43rd  and 
44th  Annual  Frequency  Control  Symposia^’  and  will  not 
be  repeated  here. 

This  paper  describes  the  performance  of  a  proto¬ 
type  10  MHz.  design  using  a  new  ASIC  initially  devel¬ 
oped  by  General  Technical  Services  with  LABCOM 
support.  Additional  research  and  development  are  con¬ 
tinuing  under  the  aegis  of  the  Q-Tech  Corporation,  who 
will  be  producing  more  prototypes  for  market  analysis. 
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Figure  2a.  Frequency  Correction  Method — Summing  Loop 


A  Low  Noise  MCXO 

The  MCXO  developed  by  G.T.S.  is  unique  in 
that  it  uses  a  direct  digital  divider  (DOS)  to  generate  a 
correction  frequency  equal  to  the  difference  between  the 
3rd  O.T.  frequency  of  the  SC-cut  resonator  and  the  de¬ 
sired  10  MHz.  output  (see  Figure  2a).  The  two  frequen¬ 
cies  are  summed  directly  in  a  PLL/VCXO  circuit  without 
the  use  of  digital  dividers,  resulting  in  a  stable  tempera¬ 
ture-corrected  10  MHz.  output  frequency. 

This  approach  differs  from  designs  employing 
the  pulse-deletion  technique,  which  is  illustrated  in  Figure 
2b.  In  this  technique  the  3rd  O.T.  frequency  is  always 
higher  than  the  target  frequency,  requiring  that  pulses  be 
deleted  in  an  approximately  periodic  fashion  to  achieve 
the  target  frequency’s  repetition  rate  (e.g.  10  MHz.).  Fur¬ 
ther  processing  is  required  and  is  accomplished  through 
the  use  of  two  high-ratio  digital  divider  chains,  one  fol¬ 
lowing  the  pulse  deleted  signal,  the  other  dividing  the 
output  of  the  VCXO.  The  dividers  culminate  in  a  phase 
detector  which  serves  to  lock  the  VCXO  to  the  target 
frequency. 


Dual-Mode  Hybrid  Oscillator 

The  dual-mode  hybrid  oscillator  is  constructed 
using  two  thick  film  substrates  mounted  in  a  butterfly 
type  of  package,  approximately  1.1  x  .97  x  .  1 7  inches  in 
size.  A  four  volt  regulator  and  a  “kill”  circuit  are  in¬ 
cluded  in  the  package.  (  The  overtone  oscillator  must  be 
turned  off  in  certain  modes.)  Components  are  mounted 
with  epoxy  and  interconnected  with  1  mil.  gold  wire. 
The  total  current  for  both  oscillators  and  associated  buff¬ 
ers  is  less  than  2  milliamperes.  Since  both  oscillators  are 
series-mode  types,  pretuning  of  the  circuits  is  accom¬ 
plished  by  using  resistors  in  place  of  the  crystal  and  then 
adjusting  the  L-C  oscillator  frequencies  to  within  a  few 
percent  of  the  crystal  resonant  frequencies. 

MCXO  System  Configuration 

The  majority  of  the  digital  circuitry  is  now  con¬ 
tained  in  the  ASIC,  a  custom  Gate  Array,  manufactured 
by  LSI  Logic  according  to  design  specifications  by  Prac¬ 
tical  Micro  Design.  All  signal  routing,  measurement  and 
digital  generation  occur  in  the  gate  array. 
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Figure  2b.  Pulse  Deletion  Method — Cleanup  Loop 
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Both  the  gate  array  and  the  microcomputer  uti¬ 
lize  CMOS  technology  to  provide  low  power  operation  in 
compact  44  pin  surface  mount  packages.  The  microcom¬ 
puter  is  an  Intel  87C51FA  with  8K  of  EPROM,  256  bytes 
of  RAM  and  four  8-bii  parallel  ports.  The  87C51  inter¬ 
faces  with  the  gate  array  and  performs  all  numeric  com¬ 
putations,  control  functions,  mode  switching  and  similar 
tasks.  The  87C51  is  connected  to  a  93C46,  which  is  a 
64x16  serial  NVRAM,  which  can  retain  the  polynomial 
coefficients,  even  when  the  MCXO  is  without  power. 

In  order  to  save  power,  the  gate  array  and  micro¬ 
computer  together  provide  a  variety  of  modes.  These  are 
selectable  through  a  pair  of  pins  on  the  MCXO  connector. 
The  primary  mode  is  the  Frequency  Mode,  which  offers 
continuous  corrections  to  the  10  MFIz.  output  frequency, 
while  simultaneously  generating  1  PPS.  time  ticks. 

The  next  mode  is  the  same  but  with  power  con¬ 
servation  via  the  “sleep"  function  in  which  the  microcom¬ 
puter  and  portions  of  the  gate  array  are  shut  down  for  up 
to  32  seconds  at  a  time,  as  long  as  the  MCXO  is  at  a 
stable  or  slowly  changing  temperature.  If  the  temperature 
starts  to  change  while  the  unit  is  sleeping,  the  frequency 
error  may  increase  temporarily. 

In  the  Time-keeping  Mode,  only  the  I  PPS  out¬ 
put  is  available.  The  MCXO  may  sleep  for  as  long  as  128 
seconds  if  the  temperature  is  stable.  In  this  mode,  the 
VCXO  is  shut  down,  while  the  3rd  OT  oscillator  is  pow¬ 
ered  up  at  the  end  of  each  sleep  period  only  long  enough 
to  measure  the  crystal  temperature. 

The  fourth  mode  is  the  Calibrate  Mode,  used  for 
measuring  the  two  SC-cut  resonator  frequencies  as  a  func¬ 
tion  of  temperature,  and  for  serial  communication  with 
the  microcomputer  to  download  calibration  information 
into  the  NVRAM.  This  mode  requires  special  calibration 
equipment  and  is  not  intended  for  field  operation. 

Gate  Array  Elements 

The  gate  array  can  “power  down”  the  various 
crystal  oscillators  during  modes  when  they  are  not  re¬ 
quired.  Many  multiplexers  are  employed  in  the  gate  array 
both  to  control  mode  switching  and  also  to  permit  changes 
in  the  various  divider  ratios.  This  permits  power  vs.  speed 
trade-offs  to  be  arranged  to  meet  a  variety  of  applications. 


The  Mixer  Circuits 

The  gate  array  contains  two  different  signal  mixer 
sections:  the  first  mixes  Fo,  the  overtone  frequency  w  ith 
Fout,  the  output  of  the  VCXO.  This  is  an  exclusive-or 
gate  (XOR),  followed  by  a  low-pass  L-C  filter  which  ex¬ 
tracts  the  difference  frequency  Fp.  This  signal  is  later 
compared  with  the  output  of  the  DOS  in  the  gate  array  s 
frequency/phase  comparator. 

The  second  mixer  section  beats  Ff,  the  funda¬ 
mental  mode  frequency,  against  Fo  after  the  latter  is  di¬ 
vided  by  three.  This  section  offers  a  choice  of  mixers: 
the  first  is  a  single  digital  mixer,  in  which  both  the  mixing 
and  low-pass  filtering  are  performed  in  the  digital  do¬ 
main.  The  second  is  a  dual  analog  mixer,  comprising  two 
XOR  mixers  in  cascade.  The  first  analog  mixer  hetero¬ 
dynes  Ff  and  Fo/3.  After  low-pass  filtering  the  difference 
frequency  is  mixed  again  with  Fo/3/2''  and  presented  to  a 
multiplexer  for  selection  by  the  reciprocal  (Nl  )counter. 

The  N 1  Counter 

The  Nl  counter  uses  the  selected  mixer  output  as 
its  gate  input  and  Fo  as  the  clock.  This  is  a  24-bit  counter 
which  is  read  by  the  microcomputer  eight  bits  at  a  time. 

In  order  to  permit  changes  in  the  gate  penod  or 
to  adjust  to  the  selected  mixer,  the  counter  is  preceded  by 
a  prescaler  followed  by  an  8-to-l  multiplexer.  The  counter 
runs  during  the  first  half-cycle  after  each  reset.  This  al¬ 
lows  the  microcomputer  to  sample  the  resulting  N 1  value 
as  soon  as  possible  after  reset. 

The  Direct  Digital  Synthesizer 

The  DDS  is  also  preceded  by  a  prescaler  with  a 
4-to-l  multiplexer,  so  that  it  can  operate  on  a  variety  of 
source  clock  frequencies.  Although  the  sideband  level  is 
lowest  at  the  highest  clock  frequency,  the  power  con¬ 
sumption  is  also  proportional  to  clock  frequency,  so  that 
power  conservation  dictates  the  sideband  levels.  The  clock 
source  for  the  prescaler  is  Fo/2  in  the  full  frequency  mode, 
or  Ff  in  the  timekeeping  mode,  in  which  mode  the  over¬ 
tone  and  VCXO  oscillators  are  shut  down  and  the  only 
output  from  the  MCXO  is  I  PPS.  The  DDS  generates  a  4 
KHz  square  wave  in  this  mode,  using  the  correction  poly¬ 
nomial  for  the  fundamental  frequency  oscillator.  This  is 
subsequently  divided  by  4000  to  produce  the  clock  pulses. 

The  DDS  itself  comprises  a  26-bit  register  and  a 
26-bit  adder.  The  N2  number  is  loaded  from  the  micro¬ 
computer  into  the  adder,  and  the  results  stored  in  the  reg- 
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isler  Ihe  high  bit  tVoni  the  register  provides  the  output 
signal  (Dt'ol  from  the  DOS.  It  is  conneeied  either  to  the 
I'lequeiiey  phase  detector  in  the  Frequency  inode,  or  to  the 
I  PPS  div  ider  chain  in  the  Time  mode 

The  resolution  of  the  correction  system  is  set  by 
the  DDS  resolution  which  is  better  than  0.5  PPfJ  in  the 
Frequency  mode  and  better  than  1  PPM  in  the  Time  mode. 
In  the  latter  case,  these  steps  integrate  toward  zero  (or  the 
aging  rate)  as  small  changes  in  temperature  occur. 

The  Phase-locked  Frequency-correction  Loop 

I  he  PLL  provides  the  link  between  the  output  of 
the  first  mixer  (Fp)  and  the  output  of  the  DDS  (Dfo).  It 
functions  through  the  VC’Xv)  to  equalize  the  two  frequen¬ 
cies  by  forcing  Fp  to  match  DFo.  Since  DFo  is  the  calcu¬ 
lated  error  between  Fo  and  the  calibration  standard  (Fstd), 
and  Fp  is  the  dilTerence  between  Fo  and  Fout,  it  results  in 
Font  being  equal  to  Fo  •  DFo,  and  therefore  equal  to  Fstd. 


stability.  Aging  correction  occurs  automaticallv  when¬ 
ever  an  external  10  MHz.  reference  signal  H  ref,  wiiti 
FTL  levels)  is  applied  to  the  external  reference  terminal 
The  MCXO  must  be  in  the  frequency  mode  during  Ihe 
correction  interval  and  its  lemperature  must  be  maintained 
at  a  constant  value,  preferably  between  0  and  .^0  t  elsius 
since  the  normal  lemperature  correction  cycle  i.s  mter- 
mpled  during  this  aging  correction  process  \Mun  Ihe 
external  reference  signal  is  applied,  the  microcomputer 
measures  the  beat  frequency  between  the  Fout  and  1  ref 
frequencies  to  a  resolution  of  I  PPIT  Ihe  correction 
period  may  be  in  excess  of  200  seconds.  A  status  output 
IS  available  and  can  directly  drive  a  low  current  I  I  D  if 
desired.  The  L.F.D  is  nonnally  off.  but  will  begin  Oaf-Fang 
when  an  aging  correction  cycle  is  in  progress.  If  the 
correction  is  successful  the  light  will  go  off  at  the  end  of 
Ihe  cycle,  else  the  light  will  remain  lit  if  the  correction 
can  not  be  achieved.  No  changes  are  made  to  the  polyno¬ 
mials  if  the  cycle  is  aboHed. 


Because  the  VC'XO  and  the  iird  O.T  frequencies 
differ  by  as  little  200  Hz.it  is  important  that  the  initial 
search  pattern  begin  with  the  VC'XO  frequency  (Fout)  at 
the  high  end  of  its  range  (Fout  Fo)  and  be  forced  to 
sweep  down  until  the  phaselock  occurs  with  Fout=  Fo  - 
DFo.  This  is  accomplished  by  the  microcomputer,  which 
forces  Fout  high  and  enables  the  Frequency/Phase  com¬ 
parator  to  drive  the  frequency  to  the  lock  point. 

Divide  bv  lO.OOO.OOO 

The  MC'XO  provides  a  I  PPS  output  in  both  the 
Frequency  mode  and  the  Time  mode.  This  is  accomplished 
in  the  gate  array  with  a  segmented  divide  by  10  divider 
chain.  When  operating  in  the  Frequency  mode,  the  first 
segment  div  ides  the  Fout  signal  by  2500  to  create  a  4 
KHz.  signal.  This  passes  through  a  multiplexer  to  the 
second  segment  which  provides  the  final  u  vision  to  I 
PPS.  When  the  Time  mode  is  in  operation,  the  VC'XO  is 
disabled  to  save  power,  and  the  fundamental  mode  oscil¬ 
lator.  operating  through  the  DDS,  provides  the  4  KHz 
input  to  the  second  divider  section. 

Aging  Correction 

The  MC'XO  is  capable  of  automatic  aging  cor¬ 
rection  in  the  field.  This  adjustment  is  made  on  the  10 
MHz.  output  frequency  by  modifying  values  in  the  poly¬ 
nomials  that  describe  the  frequency/temperature  charac¬ 
teristics  of  the  overtone  and  fundamental  frequencies  of 
the  SC-cut  resonator.  It  does  not  modify  the  oscillator 
circuits  in  any  way  and  does  not  degrade  their  inherent 


MCXO  Performance  Data 

Frequency  Tolerance 

Figure  3a  shows  the  data  from  a  calibration  mn 
on  a  typical  MC'XO  assembly.  Frequency  readings  were 
recorded  for  both  fundamental  and  overtone  modes  of  the 
dual-mode  crystal  oscillator  after  passing  through  the  ASIC 
and  the  microcomputer.  Ti  ,e.st  chamber  temperature  is 
usually  stepped  in  increments  of  2  ’C  beginning  and  end¬ 
ing  at  25''C.  I  he  cycle  reverses  at  57"C'  and  ‘ST  'C. 

A  least-squares  7lh  order  polynomial  is  nonnally 
fitted  to  the  data.  The  figure  shows  the  residuals  resulting 
from  plotting  the  differences  between  the  3rd  0,1  fre- 
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Figure  .3a.  MC'XO  Calibration  Data 
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Figure  3b.  MCXO  Verification  Run 


Figure  4.  MCXO  Phase  Noise  (dBc/Hz)  at  Fout  =  10 


quency  and  the  polynomial.  A  similar  curve  would  be 
obtained  from  a  plot  of  the  fundamental  frequency.  After 
the  polynomial  coefficients  were  stored  in  the  NVRAM 
aboard  the  MCXO,  a  verification  mn  was  made  over  the 
same  temperature  range  by  recording  the  value  of  Fout  vs. 
temperature.  Figure  3b  shows  the  difference  between  Fout 
and  Fstd,  the  calibration  reference  frequency.  Note  the 
very  close  tracking  between  the  two  curves  indicating  the 
accuracy  of  the  correction  process  in  this  type  of  MCXO. 

Single-jideband  Phase  Noise  Measurements 

All  phase  noise  measurements  made  to  date  on 
this  new  MCXO  have  been  taken  using  the  square  wave 
output  of  the  CMOS  inverter  buffering  the  output  of  the 
VCXO.  We  know  that  this  does  not  produce  the  low 
levels  of  phase  noise  that  a  sinusoidal  buffer  amplifier  can 
produce.  While  we  are  not  displeased  with  the  noise 
levels  shown  in  Figure  4,  we  do  plan  to  have  a  sinewave 
output  buffer  available  on  the  production  models.  The 
noise  floor  level,  which  is  approaching  -140  dBc.,  can  also 
be  further  reduced  by  raising  the  power  level  in  the  VCXO 
circuit  whenever  the  increased  power  can  be  justified. 

The  spur  shown  at  1  KHz.  offset  from  the  carrier 
is  generated  by  the  beat  frequency  between  Fo  and  Fout 
leaking  into  the  output  circuits.  It  is  more  than  70  dB. 
below  the  carrier. 


Conclusion 

The  construction  and  successful  testing  of  the 
present  prototype  models  represents  a  significant  step  in 
the  development  of  this  important  type  of  new  oscillator. 
The  MCXO  using  direct  digital  synthesis  has  been  brought 


from  the  laboratory  to  the  point  where  it  can  now  be 
designed  into  manufacturer’s  systems.  In  addition,  the 
demonstration  of  the  use  of  modem  digital  techniques — 
ASIC  and  microcomputer — in  a  low  power  oscillator  opens 
up  the  field  of  “intelligent  oscillators"  in  a  direction  lim¬ 
ited  only  by  the  imagination  of  the  designers  and  users. 
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Abstract 

A  fundamental  requirement  for  compensation  of  the 
frequency-temperature  (f-T)  characteristic  of  a  reso¬ 
nator  is  that  the  scheme  used  to  estimate  the  fre¬ 
quency  of  the  resonator  from  the  temperature  mea- 
suremerrt  be  able  to  provide  the  necessary  precision. 
The  difference  between  the  measured  f-T  data  and 
the  estimate  of  the  frequency  is  a  major  limiting  factor 
in  any  compensation  scheme,  if  the  measured  f-T 
characteristic  were  sufficiently  modeled  by  a  simple 
function,  hysteresis  would  be  the  only  residual. 
Unfortunately,  experimental  results  show  that,  in 
general,  a  simple  function,  for  example,  a  polynomial 
of  reasonable  degree  such  as  10th,  will  accomplish 
compensation  to  only  about  5  x  10  *. 

In  this  paper  a  description  will  be  given  of  the  anoma¬ 
lous  behavior  of  the  f-T  characteristics  of  quartz 
resonators  at  the  ppIO*  level  which  necessitates  a 
more  sophisticated  estimation  scheme.  A  review  will 
be  presented  of  estimation  schemes,  including  least 
squares  regression,  minmax,  segmented  polynomials, 
and  interpolation  algorithms  such  as  spline  and 
Akima. 

Introduction 

The  mathematical  model  for  the  frequency-tempera¬ 
ture  characteristic  (f-T)  of  quartz  crystal  resonators 
has  historically  been  a  cubic  polynomial  .(1]  The 
cubic  model  has  been  satisfactory  for  temperature 
compensating  oscillators  to  about  1  ppm.  The 
Microcomputer  Compensated  Crystal  Oscillator 
(MCXO)  using  the  dual-harmonic  mode  self  tempera¬ 
ture  sensing  method  [2]  requires  a  model  capable  of 
accuracy  in  the  ppb  range.  Conventional  temperature 
compensated  crystal  oscillators  use  a  temperature 
sensing  element  which  is  remote  from  the  actual 
vibrating  quartz  resonator.  If  the  temperature  is 
changing,  the  different  thermal  time  constants  pro¬ 


duce  a  temperature  gradient  between  the  temper¬ 
ature  sensing  element  and  the  vibrating  quartz  which 
results  in  ‘‘apparent”  thermal  hysteresis.[3]  This 
■apparent”  hysteresis  has  been  one  of  the  limiting 
factors  in  temperature  compensation  schemes.  The 
dual-mode  temperature  sensing  method  eliminates 
"apparenT  hysteresis  and  opens  the  way  for  much 
better  temperature  compensation.  The  cubic  model 
is  not  adequate  for  realizing  the  higher  accuracies. 
The  techniques  described  below  are  useful  for  any 
digKally  temperature  compensated  oscillator  although 
one  employing  the  dual-nfx>de  temperature  sensing 
technique  will  make  the  best  use  of  the  results. 

Algorithms 

In  order  to  perform  digital  compensation,  an  algorithm 
is  required  which  will  approximate  the  actual  oscillator 
frequency  from  the  measured  temperature.  For  the 
dual-mode  temperature  sensing  technique  the  tem¬ 
perature  is  represented  by  f^,  where 

/p-Sf,  (1) 

and  f,  and  fj  are  the  fundamental  and  third  overtone 
frequencies,  respectively.  The  frequency  estimated 
by  the  algorithm  will  be  referred  to  as  f(fp).  In  a 
digitally  compensated  oscillator,  the  difference  be¬ 
tween  f(fp)  and  the  desired  frequency  is  calculated 
and  used  by  the  compensation  electronics  to  operate 
on  the  oscillator  outfxrt  to  remove  the  effect  of  tem¬ 
perature. 

The  residuals,  R„  of  an  algorithm  are  the  differences 
between  the  measured  frequency  and  the  estimated 
frequency  at  each  measured  temperature.  That  is 
R,~%)  . N  (2) 

where  N  is  the  number  of  calibration  data  points. 
The  measure  of  quality  of  a  temperature  compensa¬ 
tion  algorithm  is  the  maxirrxim  residual  because  the 
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definition  of  f-T  accuracy  is  the  maximum  deviation 
from  the  specified  nominal  frequency.[4]  It  is  as¬ 
sumed  that  the  compensation  electronics  can  elimi¬ 
nate  any  offset  so  that  a  zero  residual  corresponds  to 
an  output  frequency  exactly  at  nominal. 

Two  general  classes  of  algorithms  are  examined  in 
this  paper.  The  first  is  multiple  regression  with 
integer  powers  of  f,  as  the  basis  functions,  i.e.,  a 
polynomial  fit.  The  familiar  Method  of  Least  Squares 
is  an  example  of  a  multiple  regression  algorithm.  The 
second  class  of  algorithms  is  interpolation.  For 
interpolation  a  function  is  found  which  passes  through 
each  data  point  while  conforming  to  some  continuity 
mles.  Lagrange’s  polynomial  formula  and  spline 
functions  are  examples  of  interpolation  atgorithms.[5] 

Repression 

To  perform  regression,  a  distartce  function  with 
adjustable  parameters  is  defined  and  then  minimized 
with  respe^  to  those  parameters.[6]  The  distance 
function  used  in  this  paper  is  the  sum  of  the  N 
residuals,  R^,  raised  to  the  exponent  p.  A  weight  is 
included  to  increase  or  decrease  influence  of  selected 
data  points.  The  general  distance  function,  Lp,  is 

I*! 

If  p  is  chosen  to  be  2,  the  algorithm  is  the  commonly 
used  Method  of  Least  Squares.  If  p  is  chosen  to  be 
oo,  the  distance  function  is  dominated  by  the  maxi¬ 
mum  residual  and  the  algorithm  is  a  minimum  maxi¬ 
mum  or  a  ’minmax’  algorithm. 

To  see  that  when  p=oo  the  only  term  which  survives 
is  the  maximum  residual,  consider  the  normalized 
distance  function  where  each  term  is  divided  by  the 
maximum  residual.  All  of  the  terms,  except  the  one 
involving  the  maximum  residual,  are  a  fraction  raised 
to  the  power  of  infinity,  i.e.,  each  term  is  vanishingly 
small  except  the  one  involving  the  maximum  residual, 
which  is  equal  to  1 . 

Method  of  Least  Squares 

The  rrxist  familiar  least  squares  algorithm  is  polyno¬ 
mial  regression.  It  uses  the  integer  powers  of  the 
independent  variable  as  the  basis  functions.  The  trial 
frequency  function  is 


-  E  A*  (/y*  (4) 

M) 

where  the  D-i-1  coefficients  are  contamed  in  the 
vector  A,  and  D,  the  highest  exponent  in  the  poly¬ 
nomial  is  the  degree  of  the  polynomial.  The  vector  A 
containing  the  D-i-1  coefficients  is  determined  by 
minimizing  the  distarv^e  function 

4  -  E  l'(V)  - 

(•1 

with  respect  to  those  D+1  coefficients.  The  RMS  (or 
average)  error  of  all  of  the  residuals  is  minimized  in 
Least  Scares  Regression. 

This  minimization  problem  is  linear  in  the  coefficients 
and  reduces  to  a  set  of  linear  simultaneous  equations 
which  has  a  closed  form  solution.(5]  An  interesting 
properly  of  a  least  squares  fit,  (only  strictly  true  if  a 
constant  term  is  included)  is  that  the  algebraic  sum  of 
the  residuals  is  identically  equal  to  zero. 


Pig.  1  shows  the  residuals  of  the  least  squares  fit 
using  a  10th  degree  polynomial  on  a  10MHz,  3rd 
0/T,  SC-cut  resonator. 


Figure  1  -  Residuals  from  a  least  squares  fit  to  a 
10th  degree  polynomial. 

The  fp  range  corresponds  to  a  temperature  range  of  - 
55°C  to  •t-85°C.  The  compensation  obtained  with  this 
algorithm  is  about  19  ppb. 

The  relatively  large  undulations  in  the  reskkrals  are 
clearly  not  random.  Therefore,  a  higher  degree 
function  is  needed  to  properly  describe  the  behavior 
of  the  resonator.  The  cause  of  this  "microstructure” 
in  the  f-T  characteristic  is  unknown  but  is  repeatable 
for  each  device  but  rx>t  from  device  to  device.  The 
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task  of  designing  an  algorithm  for  temperature 
compensation  would  be  simplified  if  these  anomalies 
were  smaller. 

M  inmax 


A  more  appropriate  distance  function  for  the  tem¬ 
perature  compensation  problem  is  one  which  con¬ 
forms  to  the  definition  of  stability,  that  is  one  which 
minimizes  the  maximum  deviation  or  *minmax*  c  .ten¬ 
on.  The  distance  function  to  be  minimized  reduces 
to  the  minimization  of 

L.  -  Max{\Hf,)  - 

with  respect  to  A.  There  is  no  closed  form  solution  to 
this  problem.[6] 


Lawson's  Algorithm:  A  technique  known  as 
Lawson’s  Algorithm  uses  the  linear  least  squares 
technique  described  above  with  appropriate  weights, 
W|,  in  a  recursive  manner  to  converge  to  the  minmax 
fit.[7]  Lawson's  approach  is  to  use  as  the  weights  of 
the  (j+1)th  least  square  recursion  the  normalized 
residuals  from  the  (i)th  recursion.  That  is 


(7) 


When  this  method  was  applied  to  actual  f-T  data,  the 
maximum  residual  did  not  always  decrease  mono- 
tonically,  but  after  about  3  to  5  iterations  a  satisfacto¬ 
ry  minimum  maximum  was  obtained. 


Fig.  2  is  a  comparison  of  the  least  square  fit  from  Fig. 
1  to  the  fit  using  Lawson's  Algorithm.  The  reduction 
of  the  maximum  residual  is  about  30%.  The  penalty 
incurred  is  that  the  Lawson  residuals  are  larger 
almost  everywhere  but  at  the  maximum.  This  is  a 
consequence  of  the  fact  that  the  Least  Squares 
Method  produces  the  minimum  RMS  residuals  and 
any  other  algorithm  must  have  the  same  or  larger 
RMS  error. 


Direct  Minmax:  To  test  the  Lawson  Algo¬ 
rithm,  and  to  see  if  there  was  a  more  convenient 
algorithm  to  find  the  minmax  coefficients,  a  direct 
search  was  made  of  A  space  using  a  simplex  [5] 
routine  with  the  magnitude  of  the  maximum  residual 
as  the  value  of  the  function  to  be  minimized.  This 
approach  only  reduced  the  maximum  residual  a  few 
percent  and  was  exceedingly  time  consuming. 
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Figure  2  -  Comparison  of  Least  Squares  (light)  to  the 
Lawson’s  Algorithm  (heavy)  fit  for  the  resonator  of 
Fig.  1. 


Intenpolation 


In  interpolation  the  task  is  to  find  a  function  which 
passes  through  every  data  point.  There  is  no  smooth¬ 
ing  effect  since  every  point  has  equal  weight.  Out¬ 
liers  or  sharp  features  can  produce  unexpected 
results.  The  interpolation  function  can  be  a  single 
polynomial  of  order  N  (degree  N-1),  where  N  is  the 
number  of  data  points,  or  the  function  can  be  piece- 
wise  continuous  polynomials  of  lower  degree.  The 
continuity  conditions  and  the  degree  of  the  polynomi¬ 
als  define  the  different  interpolation  algorithms.  The 
minimum  continuity  condition  is  that  the  function  is 
continuous  at  each  junction.  Higher  order  continuity 
conditions  consist  of  forcing  the  slope,  or  the  slope 
and  higher  order  derivatives  to  be  continuous. 

Interpolation  algorithms  fall  into  two  broad  classes, 
"locar  and  "globar,  depending  on  the  relative  influ¬ 
ence  of  data  far  from  the  region  where  the  interpo¬ 
lation  is  being  applied.  The  more  restricted  the 
influence  of  remote  data,  the  more  "local"  is  the  algo¬ 
rithm. 

Linear  Interpolation 

The  simplest  interpolation  scheme  is  to  use  straight 
lines  between  successive  data  points.  This  technique 
is  not  satisfactory  because,  as  can  be  seen  from  Fig. 
3,  all  of  the  residuals  have  the  same  sign.  There  wiil 
be  no  reduction  of  the  accumulated  error  due  to  self¬ 
cancellation. 
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spline  Intenpolation 


Intenpolation  and  Hysteresis 

A  problem  that  needs  special  treatment  is  the  use  of 
interpolation  whun  the  data  includes  hysteresis. 
Because  of  thermal  hysteresis  [8]  there  are  two 
distinct  f-T  curves,  one  for  the  temperature  increasing 
calibration  run  and  one  for  the  temperature  decreas¬ 
ing  run.  To  handle  this,  both  sets  of  data  must  be 
kept  separate  and  an  interpolation  done  on  each, 
individually.  The  resulting  interpolant  is  the  average 
of  these  two  interpolants,  as  shown  in  Fig.  4. 


Figure  4  -  Interpolation  and  Hysteresis  -  Measured 
Data  (0),  Interpolated  Value  (.),  Average  Value  (+). 


Normally  there  are  no  residuals  when  interpolation  is 
used  since  the  interpolating  function  is  a  perfect  fit  at 
each  data  point.  Hysteresis  causes  residuals  even 
for  the  interpolation  case.  Of  course,  if  more  data  is 
taken  than  is  used  in  the  interpolation,  the  quality  of 
the  algorithm  can  be  tested  independently  . 


A  very  popular  interpolation  algorithm  is  the  spline. 
A  spline  is  a  polynomial  between  neighboring  pairs  of 
points,  with  contirujous  higher  order  derivatives.  A 
cubic  spline  is  continuous  through  the  second  deriva- 
tive.[5]  A  cubic  polyrK>mial  has  four  coefficients.  The 
condition  of  continuous  second  derivative  allows 
computation  of  the  first  derivative  at  each  data  point. 
The  two  first  derivatives  and  the  values  of  the  two 
data  points  are  enough  information  to  determine  the 
four  coefficients  of  each  cubic  interpolating  function. 
A  spline  uses  all  of  the  data  to  determine  the  coeffi¬ 
cients,  so  it  is,  therefore,  a  "globar  algorithm. 

^ima  Interpolation 

The  problem  with  global  interpolation  algorithms  is 
unwarranted  urviulations  in  the  resulting  curve.  Fig. 
5  shows  a  spline  function  applied  to  a  constructed  f-T 
anomaly. 


Figure  5  -  Spline  interpolation  on  sample  data. 

It  can  be  seen  that  there  are  unwarranted  undulations 
in  the  resulting  cun/e.  Akima  [9]  devised  an  algorithm 
which  uses  5  nearest-neighbor  points  to  eliminate  the 
unwarranted  undulations.  Akima  defined  the  slope  at 
each  data  point  as 

,  ,  I  -  fn,  I  +  I  m,.,  -  m,.^  |  m, 

'  -  nfi.l  *  \  'n, ,  -  ^,-2 1 

with  the  special  case  of 

+  m,  (9) 

'  - 5 - 

when  m,.2 »  m^,  ^  m,  =  m^^,,  where  n\  is  the  slope  of 
the  straight  line  from  x,,  to  The  cubic  polynomial 
defined  for  the  intenral  x^  ^  x  ^  x^^,  is 
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(10) 


/  -  Ai  ♦  Pi  (^  -  * 

ft  (x  -  x^)*  ♦  Pa  {X  -  X,  )® 


where 

Po  -  X/ 

P,  -  1/ 

,  3(yH  -/,)/( -X,  )  -2f,- 

X-  X- 

^  -  2{>'h  -  y/)/{>fH  -  >f,) 

^  '  (>9*.  - 


Fig.  6  shows  that  the  AKima  algorithm  applied  to  the 
same  set  of  data  as  in  Fig.  5  eliminated  the  undula¬ 
tions. 


Figure  6  -  Akima  interpolation  applied  to  the  same 
set  of  data  as  in  Fig.  5. 

Local  anomalies  in  the  f-T  characteristic  of  some 
devices  require  a  local  interpolation  scheme.  The 
Akima  algorithm  is  the  best  of  the  ones  investigated. 

Other  Interpolations  Algorithms 

Other  interpolations  algorithms  investigated  were  1) 
the  osculatory  algonthm[9]  which  uses  three  nearest 
neighbors  and  2)  a  simple  sliding  parabola  vifh  no 
continuity  conditions  imposed.  These  perfon:*  airnost 
as  well  as  the  Akima  algorithm. 

Interpolation  Results 

Fig.  7  shows  the  results  of  the  Akima  interpolation  on 
the  same  data  as  was  used  in  Figs.  1  and  2.  It  can 
be  seen  that  the  maximum  residual  is  significantly 
lower  than  in  Fig.  2. 
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Figure  7  -  Akima  interpolation  on  the  resonator  of 
Figs.  1  and  2. 


Repression  with  Muittole  Segments 

An  oscillator  which  uses  interpolation  must  store  all  of 
the  calibration  data  in  an  ordered  table,  therefore,  the 
memory  requirements  are  larger  than  in  a  device 
which  just  stores  regression  coefficients.  A  technic^e 
which  gives  the  superior  results  of  interpolation  with 
the  ease  of  use  of  regression  would  be  advanta¬ 
geous. 

A  compromise  between  interpolation  and  regression 
is  to  break  up  the  temperature  intenral  into  segments 
and  do  a  regression  in  each  segment.  This  is  similar 
to  using  a  higher  order  polynomial  but  is  more  local 
and  does  not  suffer  from  roundoff  errors  in  the 
calculation.  The  calculation  used  in  does  not  impose 
any  continuity  conditions  at  the  breakpoints.  This  is 
not  a  problem  as  long  as  the  residuals  near  the 
breakpoints  are  well  within  the  required  stability.  Fig. 
8  shows  a  three  segment,  10th  degree  polynomial 
regression  to  the  data  used  above.  It  can  be  seen 
that  the  residuals  are  similar  to  those  of  Fig.  7. 

Fig.  9  shows  the  Akima  interpolation  and  the  three 
segment  regression  superimposed  to  show  the 
similarity.  An  additional  degree  of  freedom,  which 
was  not  exercised  in  this  example,  is  to  vary  the 
location  of  the  breakpoints. 

Segment  No.  vs.  Degree  vs.  Algorithm 

If  the  Akima  algorithm  is  taken  as  the  best  maximum 
residual  which  can  be  obtained  for  a  given  f-T  char¬ 
acteristic  we  can  tabulate  the  degradation  in  the 
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Figure  8  -  Three  segment.  10th  degree  polynomial, 
using  Lawson's  Algorithm  to  the  data  from  Fig.  1 . 
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Figure  9  -  Akima  interpolation  (light)  and  three 
segment  Lawson  regression  (heavy). 


result  for  other  algorithms.  Fig.  10  (following  the 
references)  shows  data  from  69  f-T  runs.  The  3x3 
X  3  array  shows  polynomials  of  degree  6,  8  or  10, 
number  of  segments  of  1 , 2  or  3,  and  Least  Squares, 
Lawson  or  Direct  Minmax  algorithms.  As  one  would 
expect,  the  higher  the  degree  and  the  greater  the 
number  of  segments,  the  better  the  result.  For  the 
devices  measured,  an  attractive  tradeoff  can  be  made 
between  number  of  segments  (2  or  3)  and  degree  of 
the  polynomial  (8  or  10).  The  direct  minmax  algo¬ 
rithm  did  not  give  a  significant  improvement  for  the 
relatively  large  computing  penalty. 


There  are  many  choices  for  f-T  compensation  algo¬ 
rithm  which  are  superior  to  the  usual  least  squares  fit. 
These  algorithms  can  be  used  with  any  digital  oonv 
pensation  technique.  The  multisegment  Lawson 
algorithm  is  the  most  efficient  choice  but  any  of  the 
interpolation  schemes  win  give  optimum  results  at  a 
cost  of  requiring  more  memory. 

Smooth  f-T  characteristics  and  a  good  algorithm 
make  it  possible  to  achieve  the  limit  set  by  the 
hysteresis  of  a  device.  Lower  hysteresis  is  required 
to  get  the  ultimate  performance  from  digital  tempera¬ 
ture  compensation. 
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Summary 

In  Digital  Temperature  Compensated  Crystal 
Oscillator,  the  information  necessary  to  keep 
constant  the  oscillation  frequency  regardless  of 
changes  in  temperature  is  already  written  in  a 
memory.  The  information  in  the  memory  is  stored  as 
compensation  information  having  8  to  12  bits  of  data 
length  per  sampling  temperature  point.  The  memory 
size  to  store  the  amount  of  data  that  is  needed  to 
compensated  for  frequency  variations  over  the 
total  temperature  range  is  enormous. 

In  order  to  reduce  the  memory  size,  we 
proposed  a  new  method  of  using  delta  modulation  to 
represent  frequency  compensation  information  with 
1  bit  of  data  length,  which  is  a  minimum  unit  of 
digital  quantity,  per  sampling  temperature  point. 
The  proposed  method  applies  the  delta  modulation 
technique  for  encoding  and  decoding  the  frequency 
compensation  information  with  respect  to  tempera¬ 
ture  changes. 

Prototype  D-TCXO  has  been  produced  in  order 
to  prove  the  effectiveness  of  the  method.  Our 
theory  and  experimental  results  agree  with  each 
other,  and  it  has  been  confirmed  that  the  proposed 
method  is  effective. 


Introduction 

To  meet  growing  demands  for  more  mobile  radio 
stations,  the  bandwidth  occupied  by  a  single  mobile 
radio  station  is  reduced  to  increase  the  number  of 
available  channels.  Smaller-size  mobile  radio 
stations  are  desired  for  better  portability.  As  a 
result,  crystal  oscillators  used  in  mobile  radio 
units  should  be  stabler  in  frequency  and  smaller  in 
size. 


Temperature  compensated  Crystal  Oscillators 
(TCXO)  are  used  os  crystal  oscillators  in  mobile 
radio  units.  The  TCXOs  can  be  classified  into 
analog  TCXOs  (A-TCXO)  and  digital  TCXO  (D-TCXO) 
depending  on  how  the  frequency  is  controlled 
against  temperature  changes. 

The  A-TCXOs  are  composed  of  a  temperature 
sensor,  a  resistor,  and  a  varactor  diode  in 
combination,  making  up  a  circuit  whose  reactance  is 
variable  with  temperature,  and  compensates  for 
frequency  vs.  temperature  characteristics  of  the 
crystal  resonator.  The  frequency  stability  of 
mass-produced  D- TCXOs  is  at  most  ±0.5  ppm  in  the 
temperature  range  over  0  "C  to  +50  TCI. 

The  D-TCXOs  digitally  process  temperature 
information.  Indicative  of  ambient  temperature 
changes,  from  a  temperature  senror  to  keep  the 
oscillation  frequency  constant,  thereby  com¬ 
pensating  for  frequency  vs.  temperature  charac¬ 
teristics  of  the  crystal  resonator. 

Commercially  available  D-TCXOs  have  a  frequency 
stability  of  ±0.05  ppm  over  the  temperature  range 
from  0  TC  to  +50  XI.  Though  the  D-TCXOs  have 
increased  compensation  accuracy  for  better 
frequency  vs.  temperature  characteristics,  they 
require  a  large  memory  size  which  is  of  8  to  12  bits 
of  data  length  per  sampling  temperature  point  for 
the  compensation  accuracy. 

In  this  paper,  we  propose  a  D-TCXO  which  uses 
delta  modulation  for  frequency  compensation  to 
reduce  the  frequency  compensation  information  to  1 
bit  of  data  length,  which  is  a  minimum  unit  of 
digital  information,  per  sampling  temperature 
point. 
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Conditions  determined  by  temperature 
characteristics  of  a  crystal  resonator 

The  resonant  frequency  F  of  a  typical  AT-cut 
crystal  resonator  and  the  temperature  T  thereof 
are  related  as  follows  : 

AF/Fo  =  A(T-TQ)^+B<T-TQ)^+C(T-Ta)  - (1) 

To  : reference  temperature  (+25X1) 

Fo  : resonant  frequency  at  To 
A.B.C  icoefficient  determined  mainly  by  the 
cut  angle 


A:  -20  TO  +70  *0 


FI  GORE  I  MAXIMUM  RATE  OF  CHANGE  OF 

FREQUENCY  VS.  CUT  ANGLE  DEVIATION 


FIGURE  1  shows  the  relationship  between  the 
maximum  rate  of  change  of  the  frequency  and  the 
cut  angle  of  the  AT-cut  crystal  resonator.  The 
vertical  axis  represents  the  maximum  rate  of  change 
of  the  frequency  at  each  cut  angle  deviation,  the 
rates  of  change  being  determined  by  differentiating 
the  equation  (1)  with  respect  to  temperature. 

The  horizontal  axis  indicates  the  deviations 
from  the  cut  angle  deviation  where  the  frequency 
temperature  characteristics  of  the  crystal 
resonator  have  a  zero-temperature  coefficient  in 
the  vicinity  of  normal  temperature.  If  it  is 
assumed  that  the  maximum  rate  of  change  of  the 
frequency  with  respect  to  a  temperature  change  in 
the  compensation  temperature  range  is  X  (ppm/X3), 
then  information  per  temperature  step  of  Y/X  (XU) 
will  be  necessary  in  order  to  obtain  the  frequency 
compensation  accuracy  Y  (ppm),  and  the  minimum 
number  of  temperature  steps  of  information 
required  within  the  entire  compensation 
temperature  range  T  (XI!)  will  be  T-X/Y.  Specific 
examples  are  given  on  TABLE  1. 


FREQUENCY  COMPENSATION  ACCURACY  Y  5  0  I (PPM) 


TEMPERATURE 

RANGE  ( ‘O 

0  TO  +50 

-20  TO  +70 

CUT  ANGLE 
DEVIATION  (min) 

-1.6 

-2.4 

[d  ( )/dT(.,. 
(PPM/  'O 

0.03 

0 . 36 

MIN.  NUMBER 

OF  STEPS 

15 

324 

TABLE  1  MINIMUM  NUMBER  OF  STEPS  FOR 

COMPENSATION  AND  ITS  CONDITIONS 

Encoding  principle  of  compensation  informaTittfl 

A  D-TCXO  reads  control  information  from  a 
memory  based  on  temperature  compensation  that  is 
read  out  by  a  temperature  sensor  per  clock  pulse, 
and  controls  the  oscillation  frequency  of  the  VCXO 
based  on  the  control  information. 

A  conventional  D-TCXO  approximates  compensation 
information  at  each  sampling  temperature  point  with 
a  staircase  wave  that  is  quantized  into  8  to  12  bits 
of  data  length.  The  quantized  compensation 
information  is  determined  solely  by  its  value  at  the 
temperature. 

In  this  paper,  the  compensation  information  is 
encoded  using  delta  modulation.  The  delta 
modulation  adds  a  limitation  that  staircase 
approximation  of  compensation  information  can 
only  have  either  one  of  two  values  ,  +111  or  -W 
(W  represents  the  width  of  a  quantizing  step),  as 
the  difference  of  two  quantized  values  between  the 
neighboring  temperature  points.  Thus,  the 

compensation  information  at  each  temperature  is 
approximated  by  staircase  approximation  which 
varies  only  by  ±W,  as  shown  in  FIGURE  2. 


o 


FIGURE  2  STAIRCASE  APPROXIMATION  OF 
CONPENSATION  INFORMATION 
FOR  DELTA  MODULATION 
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By  holdin/?  the  difference  between  the  neighboring 
steps  to  a  constant  of  ♦W  or  -W,  the  compensation 
information  can  be  encoded  very  simply. 

In  order  to  satisfy  the  target  frequency 
compensation  accuracy  Y,  the  frequency  quantizing 
step  W  has  to  be  of  a  value  equal  to  or  leas  than  Y. 

The  sampling  time  t  (s)  must  satisfy  : 

t  ^  Y/(X-R)  - (2) 

where  R  is  the  rate  of  temperature  change  per  time 
(.X^/s).  Even  if  the  rate  R  is  0.02  X^/s 

(1.2  “C /min.), for  example,  over  the  temperature 
range  from  -20  "C  to  *70  YZ,  the  sampling  time  should 
be  within  13.9  seconds,  which  may  be  0.1  seconds  or 
such  in  practice. 

By  setting  the  maximum  frequency  variations  in 
a  temperature  step  to  the  quantizing  step  W  for 
frequency  compensation,  the  frequency  variation 
can  be  compensated  for  over  the  total  temperature 
range. 


Arrangement  and  operation  of  D-TCXO  using  delta 
modulation 

FIGURE  3  is  a  block  diagram  of  a  circuit  based 
on  the  above  principle. 

The  D-TCXO  is  composed  of  a  temperature 
information  generator,  a  frequency  compensation 
information  generator,  a  D/A  converter,  and  a  VCXO. 

FIGURE  4  is  a  block  diagram  of  the  temperature 
information  generator. 

The  temperature  information  generator  comprises  a 
temperature  sensor,  a  comparator,  an  up-down 
counter  (U/D  counter)  ,  and  a  D/A  converter. 
Temperature  information  is  produced  by  generating 
a  reference  voltage  which  follows  the  output 
voltage  of  the  temperature  sensor,  comparing  the 
output  voltage  of  the  temperature  sensor  with  the 
reference  voltage  in  the  comparator,  and  counting 
this  temperature  compared  information  T<n)  with  the 
U/D  counter.  The  reference  voltage  is  a  DC 


voltage  which  is  produced  by  counting  the 
temperature  compared  information  T<n)  on  the  U/D 
counter  in  order  to  produce  the  temperature 
information  T>.<r,),  and  by  converting  the  latter 
information  into  an  analog  value.  The  voltage 
which  corresponds  to  one  step  of  the  temperature 
compared  information  determines  the  resolution  of 
the  temperature  information  .  The  temperature 
information  Txem  serves  as  the  reference  voltage, 
and  indicate  in  a  memory  address. 

FIGURE  5  is  a  block  diagram  of  the  frequency 
compensation  information  generator.  The  frequency 
compensation  information  generat  r  comprises  a 
memory,  a  delay  circuit,  and  a  Icr-,-  ircuit  which  is 
shown  in  FIGURE  6. 


U/D  COUNTER 


FIGURE  4  temperature  INFORMATION 
GENERATOR 
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FIGURE  3  BLOCK  DIAGRAM  OF  D-TCXO 
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T(n)  :  TEMPERATURE  COMPARED  INFORMATION 
D(n)  :  FREQUENCY  COMPENSATION  INFORMATION 
D(n-n  :  PRECEDING  COMPENSATION  INFORMATION 
Q(n)  :  ARRANGED  COMPENSATION  INFORMATION 

LOGIC  FORMULA 

Q(n)  =  T (n) •D<n) +TTn) •D(n-1 ) 


FIGURES  TRUTH  TABLE  AND  ITS  LOGIC  CIRCUIT 
FOR  ARRANGING  THE  COMPENSATION 
INFORMATION 


In  order  to  confirm  the  operation  of  the 
D-TCXO  under  study,  a  prototype  was  designed  to 
achieve  a  target  frequency  stability  of  ±0.2  ppm 
over  the  temperature  range  from  0  “C  to  +50  X2. 

The  frequency  vs.  temperature  characteristics 
of  a  VCXO  used  in  this  case  is  shown  in  FIGURE  7. 


FIGURE  7  FREQUENCY  VS.  TEMPERATURE 
CHARACTERISTICS  OF  VCXO 
BEFORE  COMPENSATION 


FIGURE  8  illustrates  the  characteristics  of  a 
control  voltage  for  keeping  constant  the 
oscillation  frequency  of  the  VCXO.  The  measured 
frequency  control  voltage  sensitivity  of  the  VCXO 
was  2.58  ppm/V. 


In  case  that  the  memory  stores  the  frequency 
compensation  information  for  temperature  rise,  and 
that  the  temperature  should  fall,  the  frequency 
compensation  information  has  to  be  output  by 
inverting  the  memory  output  of  the  preceding 
control  cycle  through  the  logic  circuit. 

FIGURE  6  shows  a  truth  table  and  a  logic 
circuit  for  achieving  the  above  operation  . 
The  logic  circuit  generates  arranged  compensation 
information  Qcn>  with  temperature  compared 
information  Ten)  and  frequency  compensation 
information  Dcn)  at  a  time  n  ,  and  D(n-i>  at  a 
time  n-1  . 

The  information  Q<n)  is  counted  by  the  U/D 
counter  to  produce  control  voltage  information 
Qxen)  for  the  VCXO.  The  control  voltage 

information  Qxcm  is  converted  by  the  D/A  converter 
into  an  analog  voltage,  which  is  applied  to  the 
control  voltage  terminal  of  the  VCXO  to  control  the 
frequency. 


FIGURES  CONTROL  VOLTAGE 
FOR  COMPENSATION 


In  designing  a  prototype,  a  temperature  step 
to  achieve  the  target  frequency  stability  was 
determined,  first  of  all.  The  frequency  variation 
per  temperature  step  was  designed  to  0.1  ppm  or 
less  in  consideration  of  margin  to  be  added  to  the 
target  frequency  stability  of  0.2  ppm. 
Therefore,  calculating  from  the  above  meintioned 
control  voltage  sensitivity,  a  change  in  the 
control  voltage  per  temperature  step  has  to  be 
0.1  (ppm)/2.58  (ppm/V)  =  0.039  or  less. 

The  change  rate  of  the  control  voltage  of  the  VCXO 
with  respect  to  temperature  changes  was  0.14  V/”C 
at  maximum.  Then,  the  temperature  step  has  to 

be  0.039  (V)/0.14  (V/X:)  =  0.27  (X:)  or  less. 

The  prototype  circuit  designed  by  the  above 
conditions  had  a  control  voltage  step  of  0.039  V 
and  a  temperature  step  of  0.25  XI. 

Consequently,  the  frequency  change  per 
temperature  step  was  0.1  ppm  at  maximum. 


Conclusions 

As  described  above,  the  memory  size,  which  has 
conventionally  required  8  to  12  bits  of  data  length 
per  sampling  temperature  point,  is  reduced  to  1  bit 
by  using  delta  modulation  in  the  frequency 
compensation  technique  for  D-TCXOs. 

Our  research  proved  that  the  delta  modulation 
technique  is  so  effective  especially  for  downsizing 
D-TCXOs  . 

Delta  modulation  method  makes  possible  to 
provide  the  flexible  design  technique  in  variation 
of  uses. 


Experimental  Results  of  the  prototype 

The  prototype  D-TCXO  exhibits  frequency  vs. 
temperature  characteristics  as  shown  in  FIGURE  9. 

It  can  be  seen  from  FIGURE  9  that  the 
frequency  stability  is  maintained  within  ±0.15  ppm 
over  the  temperature  range  from  0  XI  to  +50  XI. 


TEMPERATURE  ( ’C) 

FIGURED  FREQUENCY  VS.  TEMPERATURE 
CHARACTERISTICS  OF  VCXO 
AFTER  COMPENSATION 
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Abstract 

This  pappi  describes  a  lemperaturt  internal ly  com 
pensated  crystal  oscillator  employing  a  new  shape  GT  cut 
quartz  crystal  resonator  f"rmed  by  an  etching  method.  It 
was  reporledi  1 1  [6]  by  one  of  the  authors  that  the  new 
shape  GT  cut  quartz  crystal  resonator  has  very  small 

frequency  deviation  in  a  wide  temperature  range,  because 
an  absolute  value  of  its  third  order  temperature 

coefficient  is  much  smaller  than  that  of  the  conventional 
GT  plate. 

An  object  of  this  paper  is  to  clarify  if  drain  output 

resistance  Rd  and  resistance  Rqs  connected  in  series  to 

the  resonator  in  elements  constructing  a  CMOS  oscillator 
circuit  which  suppress  spurious  vibrations,  influence 
oscillation  frequency  and  frequency  temperature  behavior, 
and  to  obtain  a  temperature  compensated  quartz  crystal 
oscillator,  which  is  called  “TCXO  •  MGQ’ ' .  with  suppres 
sion  of  the  spurious  vibrations  versus  temperature. 

In  analysis  procedure,  first,  a  CMOS  quartz  crystal 
oscillator  circuit  is  transformed  into  an  equivalent 
circuit  and  an  equation  ,'htrh  gives  oscillation 
frequencies  is  derived  from  Kirchhoff’ s  law. 

Second,  since  the  equation  is  given  as  a  function  of 
Rd  and  Rqs,  it  is  theoretically  forecast  and  experimen¬ 
tally  examined  that  Rd  and  Rqs  influence  the  oscillation 
frequency  and  the  frequency  temperature  behavior. 
Consequently,  an  increase  of  Rd  and  Rqs  is  found  to  raise 
the  oscillation  frequency  for  principal  vibration  a  little 
bit  and  to  cause  the  first  order  temperature  coefficient 
for  principal  vibration  to  shift  to  a  further  negative 
value  respectively. 

Finally,  a  temperature  compensated  crystal  oscilla¬ 
tor  which  is  called  ‘  TC.XO  •  MGQ"  is  found  to  be  obtained 
with  frequency  deviation  within  +/- 0.  Sppm  to  nominal 
frequency  for  principal  vibration  and  -t/-2.  Sppra  over  a 
wide  temperature  range  of  SOT  to  eSST  without  any 
external  temperature  compensation  by  thermister  and  so  on 
by  employing  the  present  GT  cut  quartz  crystal  resonator. 

§1  Introduction 

Recently,  a  quartz  crystal  oscillator  (TCXO)  which  is 
used  in  communication  equipment  and  consumer  products  of 
principally  handy  type  as  a  frequency  standard,  is 
excellent  in  frequency  temperature  behavior,  simultane 


ously.  a  further  miniaturized  oscillatoi  with  low 
consumption  power  is  earnestly  desired  and  exper ted.  It 
was  reportedlT’  by  one  of  the  authors  that,  as  a  quart/ 
crystal  oscillator  salislying  the  desire  and  expectation, 
a  CMOS  oscillator  circuit  employing  a  new  shape  GT  cut 
quartz  crystal  'esonator  is  very  suitable.  The 
oscillation  frequency  and  the  frequetrey  teraperalurt’ 
behavior  for  principal  vibration  was  then  found  to  vary 
remarkably  with  particularly,  load  capacitance  Ci  in 
elements  of  the  circuit  construction.  However,  spurious 
vibrations  occur  under  some  conditions  in  c  nst r uti irrg  an 
oscillator,  a  quartz  crystal  oscillator  with  suppressirrrr 
of  spurious  vibration  is,  thceforc.  desired  aird  expr’cted. 

An  object  of  this  paper  is  to  pr  vide  a  tempera 
tnre  compensated  crystal  oscillator  which  is  called  ’TCXO 
•MGQ"  with  suppression  of  spurious  vibrations  over  a 
wide  temperature  range.  Spurious  vibration  is  mainly 
classified  into  two  vibrations  which  are  piezoelectr ical ly 
excited  and  caused  by  reflection  of  elastic  wave  at  the 
edge  of  a  resonator.  The  former  shows  strong  spurious 
vibration  and  the  latter  shows  comparatively  weak 
response.  The  strong  spurious  vibration  can  be  eliminated 
by  selection  of  resonator's  shape  and  size.  but.  the  weak 
spurious  response  becomes  a  problem.  This  spurious 
vibration  is  related  to  level  to  dr  ive  a  resonator 
and  can  be  suppressed  by  taking  small  drive  level.  It  is 
possible  to  obtain  the  small  drive  level  by  inserting 
drain  output  resistance  Rd  and  resistance  Rqs  connected  in 
scries  to  a  resonator  in  an  oscillator  circuit.  However, 
it  is  predicted  that  oscillation  frequency  and  freqrrency 
temperature  behavior  vary  with  Rd  and  Rqs.  because  a  new 
shape  GT  cut  quartz  crystal  resonator  is  a  coupling 
resonatorrs]. 

Another  object  of  this  paper  is  clarify  if  Rd  and  Rqs 
in  elements  constructing  an  oscillator  circuit  influence 
oscillation  frequency  and  frequency  temperature  behavior. 

In  analysis  procedure,  first,  since  a  CMO.S  inverter, 
as  is  already  known,  can  be  linearly  expressed  by  using  a 
voltage  source  and  drain  resistance  for  a  small  signal, 
the  present  oscillator  circuit  is  transformed  into  an 
equivalent  circuit.  Next,  an  equation  of  the  condition 
which  gives  oscillation  frei|uencies  is  theoret  ir  al  ly 
derived  from  Kirchhoff  s  law.  Fur  thr  rmore.  an  irtraginary 
part  of  impedance  for  the  present  quartz  crystal  resonator 
is  calculated.  From  these  results  an  equation  of 
oscillation  frequencies  is  derived.  Since  the  obtained 
oscillation  frequencies  are  given  as  a  function  of  Rd  and 
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(a) 


(b) 


Fig.  1  Construction  of  CMOS  quartz  crystal 

oscillator  circuit  (a)  and  its  electrical 
equivalent  circuit  (b). 


Rqs,  it  is  theoretically  forecast  and  experimentally 
examined  that  those  influence  oscillation  frequency  and 
frequency  temperature  behavior.  As  a  result,  an  increase 
of  Rd  and  Rqs  laises  oscillation  frequency  of  principal 
vibration  a  little  bit,  and  with  respect  to  temperature 
coefficient,  they  cause  the  first  order  temperature 
coefficient  a.  to  shift  to  a  further  negative  value. 

Therefore,  by  selection  of  Rd,  Rqs  and  load  capaci 
tance  Cl  which  is  given  as  a  function  of  gate  load 
capacitance  Cg  and  drain  load  capacitance  Cd,  it  is  shown 
that  a  temperature  compensated  crystal  oscillator  (TCXO  • 
MGQ)  with  oscillation  frequency  of  principal  vibration 
finely  adjusted  to  the  nominal  frequency,  and  suppression 
of  spurious  icsponse  and  extremely  stable  frequency  in  a 
wide  temperature  range  of  -SOT  to  is  obtained 
without  any  external  temperature  coi.ipensat  ion  by 
thermister  and  so  on.  Let  us  describe  concretely  below, 

§  2  Analysis  Procedure 


expressed  by  a  summation  of  real  part  Rei  (Resistance 
part,  i  1,2,  i  l:Principal  vibration,  i  ^iSubv ibrat ion) 
and  imaginary  part  Xe  (Reactance  part).  Accordingly,  an 
equation  of  the  condition  tc  give  oscillation  frequency  is 
calculated  from  the  circuit  (b). 


2,  ?  Pe.rivatjyes  QLQ.scillal.ion  f.requency 

In  the  circuit  of  Fig,  1  (b),  let  us  take  electiir 
currents  Ii,  Ij,  l.i  which  flow  in  each  loop.  Simultaneous 
equations  are  obtained  by  applying  Kirchhoff's  second  law 
in  each  loop.  Furthermore,  the  electric  currents  !i.  Ir.  h 
are  not  zero,  therefore,  in  ordc;-  to  obtain  a  nontrivial 
solution  in  the  equations,  the  following  relation  must  be 
satisfied; 


rd  +  Rd+jXd  j(</Xg-XHr  -(rd  +  j«Xg) 

-jXd  Rel+  Ras  + jrXe  +  Xg  +  Xd)  -  jXg 

-rd  -JXg{1+xi)  Rf +  rd+ jXg(  1  +  >i) 


=  0 
(1) 


2, 1  Construction  of  _QI)S  quartz  crystal 

osc i i iator  c i rcu it 

Figure  1  shows  a  construction  diagram  (a)  of  a  CMOS 
quartz  crystal  oscillator  circuit  and  its  electrical 
equivalent  circuit  (b).  The  circuit  (a)  comprises  a  CMOS 
inverter,  drain  load  capac  i  tance  Cd,  gate  load  capacitniiec 
Cg.  feedliack  resistance  Ri,  drain  output  resistance  Rd. 
power  source  Vr,r>.  a  new  :,liape  GT  cut  quartz  crystal 
resonator  and  resistance  Rqs  connected  in  series  to  the 
lesonator.  Since  the  CMOS  inverter,  as  is  already  known, 
can  be  linearly  expressed  bv  employing  a  voltage  source 
lUVg  ( /z :, Amplification  factor.  Vg:Gate  side  voltage)  and 
diain  lesistance  td  for  a  small  signal,  the  circuit  (a) 
can  be  equivalently  expressed  by  the  circuit  (b).  In 
addition,  the  impedance  of  the  new  shape  GT  cut  quartz 
crystal  resonator  which  is  a  coupling  resonator  is 


Accordingly,  as  equation  (1)  which  gives  the  oscillation 
frequency  condition  and  the  amplitude  continuation 
condition,  is  expressed  by  a  suiimation  of  a  real  part  and 
an  imaginary  part,  from  the  imaginary  part.  Xe  is  given  as 


-tu¬ 


rd  Rd 

Rf  (rd-eRd) 


I  (  Xg-t-Xd  )- 


Hei-t-Hos  rd 

-  (  1  -e  -  )Xd 

rd-i-Rd  Rf 


Xe= 


1  + 


rdRd 
Rf  (rd-t-Ro, 


Rei  -eRqs  Rd 

- ( 1  -e  -  -  - 

Rf  rd+Rd 

~  Jtd  Xg  (  I+  zr  ) 

Rf  ad-l-Rd)  J 


rr )  Xg  j 


(2) 


In  addition,  when  angular  frequency  co  is  taken,  the  signs 
.Xg  and  .Xd  are  given  as  Xs-  1/  or  Cg  and  Xd=  1/ co  Cd. 
Substituting  these  relations  into  equation  (2).  an 
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t'lluatioii  of  llic  niiidil  ion  to  Rive  oscillation  finqucncy  is 
fuitliri  sirnpl  if i(‘(i  as  follows,  by  taking  into  account 
R,  rd.  Rd. 


«Ci  1  a-  u 

1  - 

Rf  (rd  +  Rd)  CgCd 

t  I  I  Re  I  a-Rqs 

~  +  ( 1  +  ] 
Ct  Cg  Cd  rd  +Rd 


(3) 


(<) 


Tlu’icfotc,  by  calculating  rcaclance  Xe  of  the  quartz 
ctystal  resonator,  the  oscillation  frequency  can  be 
deiivcd  from  equation  Cl).  Since  Xe[7j  has  been  already 
calculated  when  a  coupling  between  principal  vibration  and 
subvibralion  of  the  quartz  crystal  resonator  is  taken  as 
capacitance  coupling.  let  us  employ  the  result, 
consequently,  Xe  and  Rei  are.  tespectively,  gi.cii  as  the 
following  equations,  taking  into  account  that  tiie  coupling 
between  principal  vibration  and  subvibtation  is  extremely 
weak  in  the  calculation  of  Rei. 


0) 

(  , 

(ii 

-t)(  ^ 

r 

-1)  -  - 

Xe  = 

1 

(U  1 

(uCo  I 

r 

-1) 

(...,) 

C,  C: 

On' 

1  Co 

( ... 

<u,' 

c, 

-t  +  - 
'  On 

C, 

'  ^Co' 

Rei  = 

Ri  (t  + 

Co 

(  i  = 

1.2  ) 

C, 


_  -1  + 
oii'  On 


c-l] 


Cl 


(5) 

(6) 


where  cowWi  ;  Uncoupled  angular  frequencies  of 
principal  and  subvibrations 
C,  :  Shunt  capacitance 
Cm  :  Coupling  capacitance 
Cl  ,  C2  :  Motional  capacitance  of  principal 
and  subvibrations 

Ri  ,  Rj  :  Series  resistance  of  principal  and 
subvibrat ions 


Accordingly,  the  oscillation  frequency  can  be  easily 
derived  by  substituting  equation  (5)  into  equation  (3). 
Ill  addition,  substituting  equation  (6)  into  equation  (4) 
and  taking  (Co/Cd)^-'"  1  into  consideration,  load  capaci¬ 
tance  Ci,  is  obtained.  First,  oscillation  frequencies  f* 
are  as 


f.  '  =  ^-  [  ±y  (f,''-f;'')’-i-4Ks'f,'f,'  ] 

(T) 

where  fi.fji  Resonant  frequencies  of  principal  vibration 
and  subvibtation  when  uncoupled 


t,’'=  (1  + 

1  a 

)  f,'  h  = 

I  +</  _ 

r,  1  +  a  -  h 

Rf(rd+Rd)a)^Cg  Cd 

(1  + 

1  a 

)  Km'  = 

C.C, 

r,  1  +  a  -  h 

Cm' 

Ks'  =Km'  (  1 

b 

1  + - 

1  -e  a  -  h 

)' 

a  =Co/Cl 

b  =Cm/CL 

r,  =Co/Ci 

rj=Co/Cj 

F.quation  (7)  gives  two  oscillation  frequencies,  namely, 
the  oscillation  fiequency  f.  of  the  principal  vibration 


for  plus  sign  in  front  of  the  root  and  the  oscillation 
frequency  f  of  the  subvibtation  for  minus  sign  in  ftont 
of  the  root.  On  the  other  hatid.  load  capacitance  C;  is 
given  as 

1  1  R I  +  Rqs 

-  -r  (  i  +  -  ) 

I  Co  Cd  rd  +Rd 

=  -  -  (8) 

Cl  Co  2Ri 

1 - 

Cd  rd  -cRd 

As  is  apparent  ftom  equation  (7).  f.  and  f  ate  given  as  a 
function  of  load  capacitance  Ci  and  from  equation  (8). 
since  Cl  is  given  as  a  function  of  Rd  and  Rqs.  it  is. 
therefore,  predicted  and  understood  that  oscillation 
frequencies  ft  and  their  frequency  temperatuie  behavior 
vary  with  Rd  and  Rqs. 


§  3  Results  and  Discussion 

Let  us  explain  the  results  according  to  the  follow¬ 
ing  procedure.  First.  Rd  and  Rqs  are  found  to  suppress 
spurious  vibrations.  Second,  a  relationship  of 
oscillation  frequency  deviation  Af./f.  foi  principal 
vibration  versus  Rd  and  Rqs  is  shown.  Third,  a 

relationship  of  variation  i\a  -  ,  i\B>  .  .  .7*  of  the 
first,  second  and  third  order  temperature  coefficients  <r .  , 
,  r*  versus  Rd  and  Rqs  is  also  shown,  particularly. 
Aa.  is  found  to  vary  markedly.  As  a  result,  a 

specification  of  frequency  temperature  behavior  is  shown 
for  a  quartz  crystal  resonator  to  be  manufactured  when  Rd 
and  Rqs  are  taken  into  account.  Finally,  it  is  shown  that 
a  high  stable  temperature  compensated  crystal  oscillator 
is  obtained  with  oscillation  frequency  of  principal 
vibration  finely  adjusted  to  the  nominal  frequency,  and 
excellent  frequency  temperature  behavior  without  any 
external  temperature  compensation  and  the  suppression  of 
spurious  response  over  a  wide  temperature  range. 
Moreover,  a  CMOS  quartz  crystal  oscillator  circuit  is  so 
designed  that  h  becomes  approximately  zero  from 
characteristics  of  the  CMOS  inverter  and  the  circuit 
construction,  in  addition,  since  Cg  and  Cd  are  connected 
in  series  when  looking  at  the  circuit  from  both  terminals 
of  the  quartz  crystal  resonator,  one  replaces  capacitance 
of  in-series  connection  CgCd/(Cg+Cd)  with  Clo.  Let  us 
explain  concretely  below. 

Table  1  shows  the  resonant  frequency  and  the  elec 
trical  equivalent  circuit  parameters  of  the  principal 
Vibration  and  subvibration  for  eleven  new  shape  CT  cut 
quartz  crystal  resonators  used  in  the  present  expei iments. 
As  is  obvious  from  Table  1,  the  resonators  show  the  very 
satisfactory  values  as  a  resonator.  In  addition, 
capacitance  ratio  ri  is  defined  as  r,  =Co,/Ci  (i  1,2). 
Further,  Cii  of  uncoupled  vibrations  between  principal 
vibration  and  subvibration  is  obtained  from  coupling 
capacitance  Cm  calculated  by  employing  the  coupling 
faclor[7]  derived  from  the  frequency  temperature  behavior. 

A  specification  on  frequency  temperature  behavior  to  be 
manufactured  will  be  described  later. 


3. 1  Spurious  vi  brat  ion 

Figure  2  shows  an  example  of  frequency  temperature 
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Table  1  Electrical  equivalent  circuit  parameters 

of  the  new  shape  CT  cut  resonators  used  in  the 
present  experiments. 


No. 

— 

Frequency 

(MHz) 

R,.  r 
(ohm) 

L 1 .  j 

(mH) 

C,.r 

(fF) 

Co 

(pF) 

ri.  j 

Q 

(xlO’) 

Pr  in. 

2.  0997 

51.0 

990 

5.  80 

2.44 

420 

256 

Sub. 

1.8934 

196 

2786 

2.  54 

961 

169 

Prin. 

2. 0996 

65.  1 

984 

5.  84 

2.45 

420 

199 

Sub. 

1.8927 

235 

2530 

2.  79 

878 

128 

3 

Prin. 

2.  0996 

56.4 

962 

5.  97 

2.46 

412 

225 

Sub. 

1.  8937 

595 

2767 

2.  55 

965 

55 

4 

Prin. 

2.  1035 

75.2 

967 

5.92 

2.43 

410 

170 

Sub. 

1.8948 

753 

2831 

2.  49 

976 

45 

5 

Prin. 

2.  1040 

65.8 

973 

5.  88 

2.  48 

422 

196 

Sub. 

1.  8953 

651 

2857 

2.  48 

1004 

52 

6 

Prin. 

2.  0997 

49.5 

985 

5.  59 

2. 48 

443 

262 

Sub. 

1.8928 

222 

2679 

2.  59 

957 

143 

7 

Prin. 

2.  0997 

51.0 

990 

5.  57 

2.44 

439 

256 

Sub. 

1.  8934 

196 

2786 

2.  49 

981 

169 

8 

Prin. 

2.  0996 

58. 1 

964 

5.71 

2.  46 

431 

219 

Sub. 

1.  8937 

595 

2767 

2.51 

982 

55 

9 

Prin. 

2.  0997 

58. 1 

964 

5.71 

2.  49 

418 

219 

Sub. 

1. 8936 

1235 

2585 

2.  68 

931 

25 

10 

Prin. 

2.0996 

80.3 

985 

5.  83 

2.  47 

424 

162 

Sub. 

1.  8934 

235 

2651 

2.67 

925 

134 

11 

Prin. 

2. 0996 

73.4 

972 

5.91 

2.  45 

414 

175 

Sub. 

1.  8937 

1250 

2548 

2.  77 

884 

24 

behavior.  Fig. 2  (a)  exhibits  frequency  temperature 
behavior  in  a  CMOS  quartz  crystal  oscillator  circuit 
consisting  of  a  resonator  of  sample  No.  10.  CLo  =  15pf.  R,  =  10 
MQ  and  Vdd  5.  OflO.  Frequency  jump  occurs  in  the  vicini 
ly  of  0  V.  35  r  and  60  f  in  temperature,  because  the 
resonator  is  affected  by  spurious  vibration,  while  Fig. 2 
(b)  exhibits  frequency  temperature  behavior  when  drain 
output  resistance  Rd  with  a  value  of  \kQ  is  further 
connected  in  the  circuit  construction  of  Fig.2  (a). 

A  stable  frequency  versus  temperature  is  obtained  without 
the  occurrence  of  spurious  vibration  in  the  temperature 
range  of  .30  r  to  t85"r.  Thus.  Rd  can  suppress  spurious 
vibration. 

Figure  3  shows  another  example  of  frequency  temper 
ature  behavior.  Fig.  3  (a)  exhibits  frequency  temperature 
behavior  in  a  CMOS  quartz  crystal  oscillator  circuit 
consisting  of  a  resonator  of  sample  No.  11.  Ci.o=14.8p/v  Ri 


Fig.2  Influence  of  spurious  vibration(a)  and 

its  suppression  by  drain  output  resistance  Rd  (b). 


in  series  to  the  resonator  (b). 


AOlUn  and  V'DD^S.OfiV.  Frequency  jump  occurs  in  the 
vicinity  of  15”C  in  temperature,  it  is  easily  understood 
from  the  above  result  that  the  resonator  is  influenced  by 
spurious  vibration,  while  Fig. 3  (b)  exhibits  frequency 
temperature  behavior  when  Rqs  with  a  value  of  51  Q  is 
further  connected  in  the  circuit  construction  of  Fig. 3  (a). 
As  well  as  the  connection  of  Rd.  a  stable  frequency  versus 
temperature  is  obtained  with  the  suppression  of  spurious 
vibration.  Thus,  it  is  sufficiently  understood  that  Rd 
and  Rqs  have  the  function  of  suppressing  spurious 
vibration. 


3. 2  Jsci  1  latipn  f requenejL 

Figure  4  shows  the  relationship  between  oscillation 
frequency  deviation  Af./f*  and  drain  output  resistance 
Rd  in  a  CMOS  oscillator  circuit  with  Cto  I5pf  and  the 
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0  1  2  3  4  5  6  7 

Drain  Output  Resistance  Rd  (k-n) 


Fig. 4  Oscillation  frequency  deviation  Af./f- 

for  principal  vibration  versus  drain  output 
resistance  Rd. 


resonator  of  samples  No.  2  or  No.  3.  According  to  increase 
of  Rd.  the  oscillation  frequency  becomes  somewhat  high, 
but,  frequency  deviation  Af./f.  is  approximately 
even  if  Rd  varies  from  0  Id  5k Q  and  its  variation  is 
very  small. 

Figure  5  shows  the  relationship  between  oscillation 
frequency  deviation  Af./f.  of  principal  vibration  and 
resistance  Rqs  connected  in  series  to  a  resonator  in  a 
QIOS  oscillator  circuit  comprising  a  new  shape  GT  cut 
quartz  crystal  resonator.  In  the  oscillator  circuit,  the 
resonators  of  samples  No. 2, 4.5  are  used.  Qlo--\5pF  [or  No.2 
and  Clo=9.  Spf  for  No.  4. 5.  As  Rqs  increases,  the 
oscillation  frequency  becomes  somewhat  high,  but. 
frequency  deviation  Af./f.  is  approximately  i.5ppm 
independent  on  Clo  value,  even  if  Rqs  varies  from  0  to  200 
Q  and  as  well  as  Rd,  its  variation  is  very  small. 


IXEteguency  tenperature  coefficients 

Figure  6  shows  the  relationship  of  variation  Aa. 
of  the  first  order  temperature  coefficient  a.  for 
principal  vibration  versus  drain  output  resistance  Rd  when 
a  resonator  of  samples  No.  1,2., 3  is  used  in  the  same 
construction  as  the  CMOS  oscillator  circuit  of  Fig. 4,  As 
is  apparent  from  Fig. 6,  Aa.  decreases,  as  Rd  increases. 
When  Rd  varies  from  0  to  5kQ.  Aa.  has  a  negative  value 
of  approximately  1.0xl0‘''/°C  to  -1.  5  x  10'V°C.  This 
result  shows  that  frequency  deviation  A  f*/f.  of 
0.  .55  to  0.  825/7/u»  occurs  in  a  temperature  range  of  -30t-' 
to  *851'  in  the  clockwise  direction.  Thus,  it  is  shown 
that  Rd  raises  the  oscillation  frequency  a  little  bit  and 
changes  the  frequency  temperature  behavior.  But.  since  Rd 
is  employed  in  the  vicinity  of  the  first  fixed  value,  the 
about  third  of  the  frequency  change  described  above  may  be 
actually  considered. 

Figure  7  shows  the  relationship  of  variation  Aa.  of 
the  first  order  temperature  coefficient  a.  for  principal 
vibration  versus  resistance  Rqs  connected  in  series  to  a 
resonator,  when  the  resonator  of  samples  No. 2, 4  is 


25. 01- Measured 

•  Saaple  Ho. 2  (Cl«“15pF) 


20.  Oh  S*m9le  Ho.4  (Cf-9.5pF) 

I  O  Staple  Ho. 5  — 9.5pF) 


0  200  400  600 

Resistance  in  Series 

TO  Resonator  Rqs(^7) 


Fig. 5  Oscillation  frequency  deviation  Af./f. 

for  principal  vibration  versus  resistance  Rqs 
connected  in  series  to  resonator. 


Drain  Output  Resistance  Rd  (k-n) 

Fig.  6  Change  of  the  first  order  temperature 

coeff icientlAa.)  versus  drain  output  resistance  Rd. 


o.5r  Measured  •  Sample  Ho. 2  (Clo“15pp) 

I  X  Sample  Ho. 4  CCu«*9.5p?) 


—  3  O' - * - * - * - * _ L  i  ^  I  1 

0  200  400  600 

Resistance  in  Series 

TO  Resonator  Rqs(^^) 

Fig.  7  Change  of  the  first  order  temperature 
coeff  icientlAa.)  versus  resistance  Rqs 
in  series  connected  to  quartz  crystal  resonator. 


Drain  Output  Resistance  Rd  (kn) 


Fig.  8  Change  of  the  second  and  third  order 
temperature  coefficient  (A/9.,Ar-) 
versus  drain  output  resistance  Rd. 


employed  in  the  same  construction  as  the  CMOS  oscillator 
circuit  of  Fig. 5.  When  Rqs  varies  from  0  to  200i3,  Aa« 
has  a  negative  value  of  approximately  -0.94xiO"V'’C  to 
•1.27x10  V\’  as  well  as  Rd.  In  this  case,  frequency 
deviation  Af./f*  of  0.52  to  O.lOppm  takes  place  in  the 
temperature  range  of  -30  V  to  -t-SSf  in  the  clockwise 
direction.  Accordingly.  frequency  deviation  of 
approximately  1.07  to  l.OSppa  occurs  in  the  above- 
mentioned  temperature  range  by  a  change  of  both  Rd  and  Rqs 
described  previously.  In  addition,  when  resonators  are 
manufactured  in  an  oscillator  circuit  wherein  a  value  of 
Rd  and  Rqs  is  properly  determined,  this  result  suggests 
that  the  oscillator  circuit  can  be  so  designed  that  the 
first  order  temperature  coefficient  a.  hardly  varies 
with  selection  of  a  value  of  Rd  and  Rqs.  even  if  they  are 
changed. 

Figure  8  shows  the  relationship  of  variation  A/3.  , 
At.  of  the  second  and  third  order  temperature 
coefficients  0,  ,  r  •  for  principal  vibration  versus 
drain  output  resistance  Rd  when  a  resonator  of  samples 
No. 2, 8  is  employed  in  the  same  construction  as  the  CMOS 
oscillator  circuit  of  Fig.  4.  As  shown  in  Fig.  8.  when  Rd 
varies  from  0  to  5/ff?,  Z\/3.  and  At*  has  a  value  of 

t7.02xlO""/T"  to  t6.67xl0-"/°C'  and  2.  5 x iQ- 
to  8.2x10  ''/’C'  respectively  and  their  variation  is 
extremely  small.  In  addition,  A0,  and  At*  are  found 
to  be  negligibly  small,  even  if  frequency  deviation  within 
(/-  2.5ppin  is  discussed  in  a  temperature  range  of  -30 °C 
to  t85't’.  because  Rd  is  employed  in  the  vicinity  of  the 
first  fixed  value  as  described  in  Fig.  6.  Accordingly,  as 
shown  in  Fig.  6,  a  change  of  the  first  order  temperature 
coefficient  a*  must  be  considered  only  versus  that  of  Rd. 

Figure  9  shows  the  relationship  between  Rqs  and  vari¬ 
ation  A0,  ,  At*  of  the  second  and  third  order 
temperature  coefficients  /3*  ,  t*  for  principal 
vibration.  When  Rqs  varies  from  0  to  200  Q,  A/3*  and 
At*  has  a  value  of  t2.09xl0-' V“C'  to  -2.2xl0-"/°C=' 
and  1. 04 X 10" ' VC’  to  t,3. 74 x  10"' ’/"C’  respectively  and 
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Fig. 9  Change  of  the  second  and  third  order  temperature 
coefficient  (A/9., Ar*)  versus  resistance  Rqs  in 
series  connected  to  quartz  crystal  resonator. 


Tenper.ature  (t) 


Fig.  10  Region  of  frequency  temperature  characteristics  for 
new  shape  CT  cut  quartz  crystal  resonators  to  be 
manufactured. 


their  variation  is  found  to  be  negligibly  small  as  well  as 
Rd.  In  this  case,  a  change  of  the  first  order  temperature 
coefficient  a*  must  be  also  considered. 


3. 4  Frequency  tacerature  behavior 

Figure  10  shows  the  region  of  frequency  temperature 
behavior  for  new  shape  GT  cut  quartz  crystal  resonators 
which  are  manufactured  by  using  a  CMOS  oscillator  circuit 
comprising  Ci.o  =  10p/^  Rd-2. and  Rqs  =  100f2.  The  region 
is  drawn  by  oblique  lines.  The  resonators  are  so 
manufactured  that  the  frequency  deviation  for  principal 
vibration  has  a  value  of  /'t^ppw  to  Abppm 
Simultaneously,  since  it  was  reported[7]  that  frequency 
temperature  behavior  varies  with  gate  load  capacitance  Cg 
and  drain  load  capacitance  Cd,  this  result  is  here 
employed.  Therefore,  when  oscillation  fiequency  for 
principal  vibration  is  finely  adjusted  within  A-O.^ppio  in 
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Fig.  11  Examples  of  frequency  temperature  behavior 

for  the  resonators  adjusted  by  Rd,  Rqs  and  Cg,  Cd. 
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Fig.  12  Another  examples  of  frequency  temperature  behavior. 


frequency  deviation  versus  the  nominal  frequency  by  Cg  and 
Cd.  the  resonators  are  so  manufactured  that  frequency 
deviation  of  1.5  to  2.5ppw  in  an  absolute  value  occurs  in 
a  temperature  range  of-SOf  to  +85 17.  Needless  to  say. 
as  is  evident  from  the  reference!?],  resonators  are  so 
manufactured  that  oscillation  frequency  becomes  lower  for 
positive  a.  and  higher  for  negative  a,  than  the  nominal 
frequency. 


Figure  11  shows  examples  of  the  frequency  temperature 
behavior  obtained  by  selection  of  Rd,  Rqs  and  Cg,  Cd  in 
the  oscillator  circuits  comprising  new  shape  CT  cut  quartz 
crystal  resonators  manufactured  under  specification  of 
Fig.  10  and  with  electrical  equivalent  circuit  parameters 
of  Table  1.  It  is  fully  understood  from  Fig.  11  that 
stable  frequency  characteristics  are  obtained  with  the 
suppression  of  spurious  vibrations,  in  addition,  frequency 
deviation  is  within  i/-2.5ppw  (actually.  ^0.48ppm  to 
-2.45ppw)  over  a  wide  temperature  range  of-.30"C  to  +85 °C 
without  any  external  temperature  compensation,  thus. 


Power  Source  Vdd  <v) 


Fig.  13  Relationship  between  electric  current  of 
consumption  Ir  and  power  source  Vdd. 


extremely  stable  frequency  versus  temperature  is  obtained. 
In  order  to  obtain  more  excellent  frequency  temperature 
behavior,  the  second  order  temperature  coefficient  0.  of 
a  resonator  must  be  small.  It  is  possible  by  selection  of 
cut  angle  and  this  will  be  the  coming  subject. 


Figure  12  shows  another  examples  of  frequency  temper¬ 
ature  behavior.  It  is  sufficiently  understood  that 
temperature  compensated  crystal  oscillators  (TCXO  •  MGQ) 
are  obtained  with  extremely  small  frequency  change  versus 
temperature  without  any  external  temperature  compensation 
as  well  as  Fig.  11. 


3.5  Electric  current  conswotion 

Figure  13  shows  the  relationship  between  electric 
current  of  consumption  I,  and  power  source  Vdd.  The 
electric  current  of  consumption  increases  proportionally 
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Photo  1  TCXO'MCQ  developed  by  us  and  compared  with  DIME. 


to  the  power  source  Vdd.  When  Vno'S.  0  d’J,  the  electric 
current  of  consumption  in  the  present  oscillator  circuit 
has  a  value  of  approximately  500  //.t  This  is  a  value  of 
one  half  to  one  third  of  the  conventional  TCXO. 


3.  6  Agint_charaLterist,i,cs_ 

Figure  M  shows  examples  of  aging  characteristics 
although  dependent  on  samples,  frequency  change  is  0. 26/)pm 
to  0. Sfp/iffl  in  aging  of  about  four  months.  Frequency 
change  is  probably  less  than  \ppm  per  the  first  year, 
judging  from  the  aging  of  about  four  months. 


3.7  Other. 

Photo  1  shows  TCXO'MGQ  developed  by  us  and  compared 
with  DIME. 


§  4  Conclusions 

In  this  paper,  a  study  was  performed  with  a  view  to 
clarifying  if  drain  output  resistance  Rd  and  resistance 
Rqs  connected  in  series  to  the  resonator  in  elements 
constructing  a  CMOS  oscillator  circuit  employing  a  new 
shape  GT  cut  quartz  crystal  resonator,  influence 
oscillation  fiequency  and  frei|uency  temperature  behavior 
and  obtaining  a  temperature  internally  compensated  erystal 
oscillator  (TCXO'MGQ)  with  the  suppression  of  spurious 
vibration.  First,  in  analysis  procedure,  since  a  CMOS 
invettpi.  as  is  already  known,  can  be  linearly  expressed 
by  using  a  voltage  source  and  drain  resistance  for  a  small 
signal,  the  present  oscillator  circuit  was  transformed 
into  an  equivalent  circuit.  Next,  an  equation  of 
condition  to  give  oscillation  frequencies  was 
theoretically  derived  from  Kirchhoff's  law.  Fiii  thermore. 


an  iraaginaiy  part  of  irapcdann'  for  the  present  iiuaitz 
crystal  resonator  was  calculated.  From  these  results  tlrt‘ 
equatioir  of  oscillation  frequenries  was  derived.  Tht 
obtained  oscillation  frequrin  ies  was  found  In  be  grvrtr  as 
a  function  of  Rd  and  Rqs.  in  additiorr.  an  increase  of  Rd 
and  Rqs  was  found  to  raise  the  nsrillation  ft(i|ufrrcy  for 
principal  vibration  a  little  bit  and  also  influence  the 
frequency  temperature  behavior.  .As  a  result,  rt  was  showrr 
that  a  temperature  compensated  crystal  oscillator  wtiidr  is 
called  'TCXO'MGQ’  '.  is  obtained  with  the  supiir  ess imt  of 
spurious  vibration,  frequency  deviation  within  •  -‘’.~>ppm 
(actually.  *0.  IS/r/r/s  to  1.  i'lppa)  in  a  temperature  range  of 
TO  t’  to  *85  r  without  airy  external  temperature 
compensation  and  the  oscillation  frequency  for  principal 
vibration  finely  adjusted  within  •  -0.  to  the  nominal 
frequency,  by  selection  of  a  value  for  Rd,  Rqs  and  Cg,  Cd. 

Finally,  the  coming  subject  will  be  to  clarify  the 
influence  on  oscillation  frequencies  and  frequency 
temperature  behavior  due  to  another  elements  constructing 
a  CMOS  osci 1 1  a  tor  circuit. 
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ABSTRACT 

Generally ,  the  frequency  versus  temperature 
characteristic  of  voltage  controlled  temperature 
compensated  crystal  oscillators (VCTCXO)  varies 
when  their  oscillation  frequency  is  shifted. 
This  problem  is  well  known  in  the  art.  and 
difficulty  has  been  experienced  in  solving  the 
problem  insofar  as  the  conventional  crystal 
resonator  is  used. 

In  an  effort  to  solve  the  problem,  our  research 
has  led  to  the  development  of  a  VCTCXO  using  a 
2-port  crystal  resonator  with  a  special 
electrode  structure. 

Typical  example  of  a  2-port  crystal 
resonator  is  an  MCF(Monolithic  Crystal  Filter). 
The  crystal  resonator  of  an  MCF  is  however  not 
suitable  for  use  as  a  crystal  resonator  for  an 
oscillator  because  it  has  two  resonant  responses 
(symmetric  and  anti-symmetric  modes).  The 
developed  2-port  crystal  resonator  achieves  a 
single  resonant  response  with  an  electrode 
structure  for  suppressing  the  anti-symmetric 
mode . 

The  VCTCXO  with  the  2-port  crystal 
resonator  can  have  two  load  capacitances,  i.e., 
a  load  capacitance  for  temperature  compensation 
and  a  load  capacitance  for  shifting  the 
oscillation  frequency.  Therefore,  the  VCTCXO  can 
compensate  for  temperature  changes  and  shift 
the  oscillation  frequency  independently. 

In  our  research,  a  new  electric  equivalent 
circuit  for  the  2-port  crystal  resonator  is 
introduced,  and  fundamental  equations  are 
derived  from  the  equivalent  circuit  for 
determining  the  extent  to  which  the  oscillation 
frequency  varies  with  the  load  capacitances, 
with  comparison  made  between  measured  and 
calculated  values. 

The  article  also  refers  to  the  frequency 
versus  temperature  characteristic  of  VCTCXO  and 
DTCXO  using  the  2-port  crystal  resonator. 


compensation  network  is  applied  to  a  variable- 
capacitance  diode  D,  and  the  temperature- 
dependent  characteristic  of  the  oscillation 
frequency  is  corrected  as  flat  as  possible  by 
the  change  in  the  capacitance  of  the  diode  D. 
Figure  Kb)  illustrates  the  frequency  versus 
temperature  characteristic  of  a  crystal 
oscillator  which  is  not  temperature  compensated 
and  that  of  a  crystal  oscillator  which  is 
temperature  compensated. 
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Figure  Ka)  :  Typical  circuit  of  TCXO 
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Figure  Kb)  :  Frequency  versus  temperature 
characteristics  before  and 
after  temperature  compensation 


1 .  INTRODUCTION 

In  a  temperature  compensated  crystal 
oscillator  (TCXO) ,  the  load  capacitance  of  the 
crystal  oscillator  is  varied  depending  on  its 
frequency  versus  temperature  characteristic  so 
as  to  compensate  for  changes  in  the  oscillation 
frequency  and  minimize  the  frequency  deviation. 
Figure  Ka)  shows  a  typical  TCXO  circuit  in 
which  a  voltage  generated  by  a  temperature- 


The  fractional  change  of  the  oscillation 
frequency  of  the  crystal  resonator  is  expressed 
by  the  following  equation  (1); 


A/ 

/) 


1 


2r 


(  1  ) 
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where  r  is  the  capacitance  ratio.  Co  the  shunt 
capacitance  ,  Cl  the  load  capacitance  ,  f  the 
oscillation  frequency,  fi  the  series  resonance 
frequency,  and  Af=f-fi  .  The  extent  to  which 
the  oscillation  frequency  of  the  crystal 
oscillator  can  vary  is  approximately  calculated 
according  to  the  equation  (1). 

Since  the  capacitance  ratio  r  and  the 
shunt  capacitance  Co  are  fixed  by  the  crystal 
resonator  used,  the  oscillation  frequency  is 
varied  by  only  the  load  capacitance  Ct-  Inasmuch 
as  the  frequency  difference  Af  and  the  load 
capacitance  Cl  are  of  hyperbolic  nonlinear 
relationship  to  each  other,  as  can  be  seen  from 
the  equation(l),  the  rate  of  change  of  Af  caused 
by  the  load  capacitance  Cl  varies  depending  on 
the  value  of  Cl.  With  the  conventional  crystal 
oscillators,  the  temperature  compensation  of 
frequencies,  the  shifting  of  the  oscillation 
frequencies,  and  the  aging  compensation  of 
frequencies  are  all  effected  by  varying  the  load 
capacitance  Cl.  Therefore,  when  the  load 
capacitance  Cl  is  varied  in  order  to  compensate 
for  an  aging-dependent  change  in  the  frequency, 
for  example,  the  temperature  compensation  of  the 
frequency  which  has  previously  been  carried  out 
is  spoiled.  Should  this  happen,  it  may  be 
possible  for  the  compensated  frequency  to  shift 
out  of  the  allowable  error  range  of  crystal 
oscillators  having  higher  accuracy  requirements. 
As  the  allowable  oscillation  frequency  error 
range  will  get  more  tight  in  the  future,  this 
problem  will  require  more  attention  but  it  will 
be  difficult  to  be  soluved  by  the  conventional 
TCXOs. 

One  example  for  TCXO  in  terms  of  the 
problem  mentioned  above  be  described  below. 

It  is  assumed  that  an  AT-CUT  crystal 
resonator  is  used  with  the  capacitance  ratio 
r-250  and  the  shunt  capacitance  Co  =  3pF.  and  the 
load  capacitance  Cl  is  varied  to  correct  the 
frequency  versus  temperature  characteristic  of  a 
crystal  oscillator  which  has  a  maximum  frequency 
deviation  of  15ppm.  (The  crystal  oscillator  has 
a  circuit  arrangement  as  shown  in  Figure  1(a). 
and  Cl=C  (d  1  .d . I +Cv. )  Figure  2  shows  frequency 
versus  temperature  characteristic  curves  before 
and  after  temperature  compensation  according  to 
the  equation(l)  with  Cl=20pF.  The  frequency 
versus  temperature  characteristic  with  Cl=20pF 
(constant)  is  indicated  by  the  mark  +  in  Figure 
2.  and  the  frequency  versus  temperature 
characteristic  that  is  compensated  by  varying  Cl 
at  each  temperature  is  indicated  by  the  mark  □ 
in  Figure  2.  Furthermore,  Cl  is  varied  to  a 
certain  extent  to  shift  the  oscillation 
frequency  by  >10ppm  and  -lOppm.  with  the 
resultant  frequency  versus  temperature 
characteristic  curves  being  indicated  by  the 
marks  +  and  x,  respectively,  in  Figure  3.  Study 
of  Figure  3  indicates  that  the  crystal 
oscillator,  though  it  has  been  temperature 
compensated  to  reduce  the  frequency  error  almost 
to  zero  at  the  central  frequency  fo.  produces  a 
frequency  error  of  about  i2.5ppm  when 
oscillation  frequency  is  shifted  by  tlOppm. 


Ambient  Tempe l  atu  I'e  (  '(’  ) 

Figure  2  Frequency  versus  temperature 
characteristics  before  and  after 
optimum  temperature  compensation 
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Figure  3  :  Frequency  versus  temperature 

characteristics  before  and  after 
shifting  the  frequency  of  an 
optimally  temperature  compensated 
oscillator  by  tlOppm. 


We  have  developed  a  2-port  crystal 
resonator  with  a  view  to  solving  the  above 
problem.  The  conventional  MCF  is  not  suitable 
for  use  as  a  crystal  resonator  for  an 
oscillator,  since  the  conventional  MCF 
substantia  lb)  has  two  resonant  responses  of 
almost  equal  magnitudes,  as  shown  in  Figure  4. 
(fi  indicates  a  resonant  frequency  in  a  symmtric 
mode  and  fi  a  resonant  frequency  in  an  anti¬ 
symmetric  mode)  The  developed  2-port  crystal 
resonator  has  an  electrode  structure,  as  shown 
in  Figure  5.  in  which  the  anti-symmetric  mode  is 
suppressed  in  order  to  provide  a  single  resonant 
response  for  an  oscillator.  Figure  6  shows  the 
resonant  response. 
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center  frequency  :  12.85MHz 
span  :  250KHz 

Figure  4  :  The  resonant  responses 
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Figure  5  The  developed  2-port  crystal 
resonator  with  an  electrode 
structure  for  suppressing  the 
anti-symmetric  mode. 


span  ;  250KHz 

Figure  6  ;  The  resonant  response  of  the 
developed  2-port  crystal  resonator 


Figure  7  shows  an  oscillator  which 
incorporates  the  2-port  crystal  resonator 
developed  in  our  research.  Figure  8  shows  the 
dependence  Cl  with  Cv  as  the  parameter.  Figure 
10  in  comparison  with  Figure  8.  shows  results 
obtained  using  an  oscillator  as  shown  in  Figure 
9  which  incorporates  a  conventional  crystal 
resonator. 


The  crystal  oscillator  which  employs  the 
developed  2-Port  crystal  resonator  has  two  load 
capacitances  that  can  be  varied  independently  of 
each  other  to  vary  the  oscillation  frequency. 


2  2 


Figure  7  :  Diagram  of  oscillator  using  2-port 
crystal  resonator  developed  in  our 
research 


Load  Capacilancc  (ClJ 

Figure  8  :  The  dependence  of  the  oscillation 
frequency  on  the  load  capacitance 
Cl  with  Cv  as  the  parameter,  in 
case  of  an  oscillator  shown  in 
Figure  7 


Figure  9  :  Oiagram  of  oscillator  using 
a  conventional  crystal  unit. 
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Load  Capacilancc  {ClJ 

Figure  10  :  The  dependence  of  the  oscillation 
frequency  on  the  load  capacitance 
Cl  with  Cv  as  the  parameter,  in 
case  of  an  oscillator  shown  in 
Figure  9 
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2.ANAUSIS  OF  OSCILLATOR  USING  2-PORT  CRYSTAL 
RISONATOT 

Since  the  developed  2-port  crystal 
resonator  has  a  single  mode,  its  equivalent 
circuit  may  be  represented  by  Figure  11. 


Figure  11  Equivalent  circuit  of  the 

developed  2-port  crystal  resonator 

In  Figure  11,  the  various  reference 
characters  are  defined  as  follows: 

Ni.Ni  :  force  factors  of  respective  terminal 
pairs. 

L  :  equivalent  mass  of  the  crystal 
resonator. 

C  :  equivalent  compliance  of  the  crystal 
resonator. 

R  :  equivalent  mechanical  resistance  of 
the  crystal  resonator. 

C«  :  stray  capacitance  between  terminals 
1  and  3. 

Cot  :  shunt  capacitance  between  terminals 
1  and  2. 

Coi  :  shunt  capacitance  between  terminals 
3  and  2. 

and 

01  i'  =  l/CL 


Figure  12  Equivalent  circuit  of  the 
oscillator  using  2-port  crystal 
resonator. 

The  impedance  Z  viewed  from  the  terminals 
1  and  2  in  Figure  11  is  given  by  the  following 
equation(2) : 


J _ Co;  +  C5 

)  U)  Coi  Co2"FCo2Cs"FCsCo  1 


Y _ Cpg-FCs _ 

(o^  NKo,+NlCo2HNt+N2yCs  '  ' 

W?  CoiCo2"FCo2Cs  +  CsCoI 


An  equivalent  circuit  of  the  oscillator 
using  the  2-port  crystal  resonator  is  shown  in 
Figure  12.  The  frequency  condition  of  self 
oscillation  (imaginary  part=0)  is  given  by 


provided  that  C02  is  replaced  with  Cai-t^Cv.  From 
this  relation  the  following  equation(3)  that 
gives  the  oscillation  frequency  f(  =  &i/2f)  is 
obtained  through  approximation: 


,  NTC  ^  N^C 
u),  2  (Cl  +  Coi+Cs)  2  (Cv  +  Co2+Cs) 


(  3  ) 


by  putting  f=fi+Af.  6>i=2ffi,  Ni’C=Ci, 
Nj*C=Cj,  ri=CDi/Ci,  and  ra^Coa/Ci,  the 
equation(3)  is  rewritten  as  follows: 


M- 

/, 


The  equation  (4)  indicates  that  the 
oscillation  frequency  can  be  varied 
independently  when  the  capacitances  Cl,  Cv  are 
varied. 


3.  MEASURED  AND  CALCULATED  VALUES  OF  CHANGES  IN 
THE  OSCILLATION  FREQUENCY  CAUSED  BY  THE  LOAD 


The  equivalent  constants  of  a  2-port 
crystal  resonator  used  in  the  experiment  are  as 
follows:  r,=357.  r2=1697,  Coi=4.50pF.  and 

Co2=1.55pF.  The  relationship  between  the 
oscillation  frequency  and  the  load  capacitance 
has  been  measured  of  the  circuit  arrangement 
shown  in  Figure  7.  In  Figure  13,  the 
relationship  between  the  frequency  and  the  load 
capacitance  Cl  is  plotted  with  Cv  as  a 
parameter.  Figure  14  shows  calculated  values  of 
the  equation(4)  which  correspond  to  the  measured 
values  in  the  experiment.  In  the  calculations, 
the  stray  capacitance  Cs  is  regarded  as  zero 
since  it  is  very  small.  The  results  shown  in 
Figure  13  and  14  are  slightly  different  from 
each  other  probably  due  to  the  stray  capacitance 
developed  by  lead  wires.  Figure  15  shows  values 
of  the  equation(4)  calculated  assuming  that  the 
stray  capacitance  of  IpF  for  each  of  Cl  and  Cv. 
The  calculated  values  shown  in  Figure  15  well 
match  those  in  Figure  13. 
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if/f  Ippm]  Z!  IPP”! 


Load  Capacitance  [Cl] 


Figure  13  :  Measured  values  of  oscillation 
frequency  as  a  function  of  load 
capacitance  Cl.  Cv  being  a 
parameter 


Load  Capacitance  [Cl] 

sure  14  ;  Calculated  values  of  oscillation 
frequency  as  a  function  of  load 
capacitance  Cl.  Cv  being  a 
parameter 


Figure  15  :  Fractional  frequency  variation 
calculated  compensating  the 
influence  of  stray  capacitances 
between  lead  wires,  that  is, 
taking  Cl+1pF,  Cv+lpF  in  place  of 
Cl  and  C/,  respectively. 


4.  EQUIVALENT  CONSTANTS  OF  2-PORT  CRYSTAL 
RESONATOR 

In  the  experiment,  AT-CUT  crystal 
resonators  were  fabricated,  whose  dimension 
ratios  between  the  central  and  side  electrodes 
were  different  form  each  other.  Specific 
electrode  structures  are  shown  in  Figure  16  at 
(A),  (B),  (C), and  (D).  The  respective  equivalent 
constants  were  measured.  Table  1  shows  the 
results  of  the  measurement.  Capacitance  ratios 
ri  and  ri  of  respective  terminal  pairs,  and 
various  constants  are  as  follows; 
r.=Coi/N,»C,  ra=C,,/N,'C,  C,=N,»C,  C,=N,VC. 

L,=L/N,»,  L,=L/N,*. 

These  constants  were  measured  acceding  to  the 
following  three  methods,  and  determined  by 
calculations: 

(i)  The  terminals  3  and  2  are  short- 
circuited,  measurements  are  made  from  the  port 
1-2.  and  Li,  Ci,  Ri,  Coi+Ci.  are  determined  as 
equivalent  circuit  constants  of  an  ordinary 
one-port  crystal  resonator. 

(ii)  The  terminals  1  and  2  are  short- 
circuited.  measurements  are  made  ^•'om  the  port 
3-2,  and  La.  Ca.  Ra,  Coa+Ca,  are  determined. 

(iii)  The  terminals  1  and  3  are  short- 
circuited,  and  the  shunt  capacitance  is  measured 
from  the  port  1-2,  thus  Co(=Cai-^Coa)  is 
determined. 

The  equivalent  constants  of  a  2-port 
crystal  resonator  depend  on  the  electrode 
dimensions.  The  values  of  ri  and  ra  are 
important  factors  for  a  crystal  resonator  for 
VCTCXOs  because  these  dominate  to  which  the 
frequency  is  variable.  The  area  ratio  between 
the  central  and  side  electrodes  is  minimum  for 
the  electrode  structure(A),  and  maximum  for  the 
electrode  structure (D) .  It  can  be  seen  from 
table  1  that  the  greater  the  area  ratio,  the 
smaller  the  capacitance  ratio  r.,  and  greater 
the  capacitance  ratio  r2.  The  electrode 
structure (D)  may  be  suitable  if  the  extent  to 
which  the  frequency  is  variable  by  Cv  may  be 
small.  The  electrode  structure(A)  may  be 
suitable  if  the  extent  to  which  the  frequency  is 
variable  by  Cv  is  to  be  increased.  The  electrode 
structure  (B)  or  (C)  may  be  suitable  if  the 
extent  to  which  the  frequency  is  variable  by  Cv 
is  to  be  equalized  to  the  extent  to  which  the 
frequency  is  variable  by  Cl. 


2  2  2  2 


(A)  (B)  (C)  (D) 

Figure  16  :  Electrode  structures  of  2-port 
crystal  resonator. 
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Table  1  Equivalent  constants  of  2-port  crystal  resonator 


ELECTRODE 

Electrode  A 

Electrode  B 

Electrode  C 

E lectrode  D 

L  .(ill) 

168. S 

33.39 

IS.  3 

10.26 

C  ,(fF) 

0.315 

4.62 

10.00 

15.04 

R  ,(0) 

557.6 

36.  1 

36.6 

36.3 

L  t(iH) 

12.22 

28.05 

82.4 

448.7 

C ,(fF) 

12.6 

5.43 

1.  87 

0.344 

Ri.(0) 

42.3 

81.3 

198 

2005 

C  0  1  +  c  3 

1.6l(pF) 

2.41 

3.30 

4.07 

C  oe  "I"  C  3 

4.67(pF) 

3.76 

2.  31 

2.02 

C  0  1  +  Coe 

5.68(pF) 

5.72 

5.73 

5.68 

N  »'/  N  ,« 

13.7 

1.19 

0.  186 

0.00229 

C  sCpF) 

0.25 

0.23 

0.24 

0.21 

o 

o 

1.36 

2.19 

3.06 

3.87 

Coe(pF) 

4.32 

3.54 

2.67 

1.82 

r  1 

I486 

473 

306 

257 

r  e 

343 

644 

1428 

5286 

5.  FREQUENCY  VERSUS  TEMPERATURE  CHARACTERISTIC 

OF  VCTCXOa  USING  2-POIIT  CRYSTAL  RESONATOR 

- AHir-gWVEimONAL  CRYSTAL  RESOKATOIT 

Figure  17  shows  how  the  frequency  versus 
temperature  characteristic  varies  when  the 
frequency  is  shifted  by  tlOppm  in  a  conventional 
VCTCXO,  as  shown  in  Figure  18.  Figure  19  shows 
how  the  frequency  versus  temperature 
characteristic  varies  when  the  frequency  is 
shifted  by  tlOppm  in  a  VCTCXO  using  a  2-port 
crystal  resonator,  as  shown  in  frequency  20. 


Figure  18  :  Measurement  diagram  for  a 
conventional  VCTCXO. 


-2U  0  40  60  80 

Ambient  Temperature  ["C  ] 

Figure  17  :  Variation  of  the  frequency  vs. 

temperature  characteristic  when 
the  frequency  is  shifted  by 
tlOppm  in  a  conventional  VCTCXO. 
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/  i 


Ambient  Temperature  l*C  J 

Figure  19  :  The  frequency  vs.  temperature 
characteristic  varies  when  the 
frequency  is  shifted  tlOppm  in 
a  VCTCXO. using  a  2-Port  crystal 
resonator. 


+DC 

OUTPUT 


Figure  20  :  Measurement  diagram  for  a  VCTCXO 
using  a  2-port  crystal  resonator. 


6. FREQUENCY  VERSUS  TEMPERATURE  CHARACTERISTIC 
OF  D-TCXOs  USING  2-PORT  CRYSTAL  RESONATOff 
— AHB — CONVENTIONAL  CRYSTAL  RESQNaTOB 


Figure  21  shows  how  the  frequency  versus 
temperature  characteristic  varies  when  the 
frequency  is  shifted  by  tlOppm  in  a  conventional 
D-TCXO,  as  shown  in  Figure  22.  Figure  23  shows 
how  the  frequency  versus  temperature 
characteristic  varies  when  the  frequency  is 
shifted  by  ±10ppm  in  a  D-TCXO  using  a  2-port 
crystal  resonator,  whose  diagram  is  shown  in 
Figure  24. 


Ambient  Temperature  ["C  J 

Figure  21  :  The  frequency  vs.  temperature 
characteristic  varies  when  the 
frequency  is  shifted  llOppm  in 
a  conventional  D-TCXO. 

+  DC 


OUTPUT 


Figure  22  :  Measurement  diagram  for  a 
conventional  D-TCXO. 
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A  f  /  f 


Ambient  Temperature  [T3  J 


Figure  23  :  Variation  of  the  frequency  vs. 

temperature  characteristic  when 
the  frequency  is  shifted  by 
llOppm  in  a  D-TCXO  using  a  2-port 
crystal  resonator. 


7.  CONCLUSIONS 

The  probleir  of  the  conventional  TCXO  that 
the  frequency  versus  temperatu'"*;  characteristic 
varies  when  the  frequency  is  shifted  has  been 
considered  to  oe  a  very  tough  problem  to  solve 
insofar  as  the  crystal  resonator  is  used.  Our 
research  gives  one  solution  by  using  the  2-port 
crystal  resonator. 

The  equation(4)  for  estimating  the 
oscillation  freqctncy  depending  on  the  resonator 

constants  and  the  load  capacitances  has  been 
derived  from  the  oscillation  frequency  condition 
by  using  the  equivalent  circuit  shown  .n  Figure 
11.  The  oscillation  frequencies  calculated 
according  to  the  equation(4)  .ave  well  matched 
the  measured  values  by  taking  the  stray 
capacitances  due  to  lead  wires  into 
consideration.  Therefore,  the  equation(4)  can  be 
said  to  be  a  guiding  principle  in  the  design  of 
a  VCTCXO  using  the  2-port  crystal  resonator. 

The  equation(4)  is  derived  also  taking 
account  of  the  stray  capacitance  Cs  between  the 
divided  electrodes.  However,  the  value  of  Cs  is 
about  0.2pF  in  actual  crystal  resonators,  and 
much  smaller  than  the  values  of  Coi,  Cos,  Cu  and 
Cv.  Thus,  the  Cs  is  generally  negligible. 
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Figure  24  :  Measurement  diagram  for  a  D-TCXO 
using  a  2-port  crystal  resonator. 
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Abstract 

The  outstanding  performance  of  an  oscillator  using  a  BVA-type  stress- 
compensated  cut  resonator  is  presented.  This  oscillator  design  has  demon¬ 
strated  24-h  aging  rates  of  <2E-12, 10-s  Allan  variance  of  7E-14.  and  phase 
noise  of  <-130  dBc/Hz  at  1  Hz  from  the  carrier.  BVA-type  resonators 
operating  at  both  5  MHz  and  10  MHz  have  been  evaluated.  In  most  perform¬ 
ance  categories,  oscillators  using  BVA  resonators  perform  better  tfuin  those 
using  conventional  resonators.  Abrupt  frequency  changes  were  observed  in 
some  BVA  resonators;  however,  no  pattern  to  these  frequency  changes,  either 
in  magnitude  or  shape,  was  observed.  The  oscillator  was  designed  to  survive 
the  rigorous  environment  encountered  during  launch  and  operation  in  a  space 
environment.  A  test  program  qualifying  the  oscillator  for  space  flight  has  been 
successfully  completed.  The  environmental  testing  included  radiation,  ther¬ 
mal  vacuum,  magnetics,  shock,  acceleration,  and  vibration. 

Introduction 

[fetailed  performance  data  from  a  newly  developed  high-performance 
oscillator  that  uses  a  BVA  quartz  resonator  as  its  frequency  conuol  element  is 
presented.  This  new  oscillator  design  is  the  most  recent  in  a  series  of  oscillators 
developed  at  The  Johns  Hopkins  University  Applied  Physics  Laboratory 
(JHU/APL),  dating  back  to  the  late  1950s.  In  each  successive  design,  oscillator 
performance  was  improved,  usually  by  taking  advantage  of  improvements  in 
quartz  resonator  technology.  A  description  of  the  electrical  and  mechanical 
design  is  given. 

The  BVA  Resonator 

A  BVA-design  S-MHz,  3tid  overtone,  SC  (stress  compensated)  cut  quartz 
resonator  determines  the  output  frequency  and  the  frequency  stability  of  this 
oscillator.  The  unique  featureof  the  BVA  design  is  the  removal  of  the  deposited 
metal  electrodes  from  the  critical  vibratingarea of  thequartz resonator  [t].  This 
reduces  the  chance  of  trapping  contaminating  material  between  the  quartz  and 
the  electrodes  and  reduces  stress  created  by  depositing  dissimilar  material  on 
the  quartz.  The  net  result  of  the  BVA  design  is  a  resonator  with  improved 
frequency  stability  and  reduced  radiation-induced  frequency  changes. 

Perfoimance  capability  of  this  oscillator  design  using  BVA  resonators  is 
outstanding  with  selected  resonators.  However,  variations  exceeding  factors 
of  10  in  resonator  performance  occurred  while  screening  resonators  in  lest 
oscillators.  Some  resonators  were  tested  in  different  oscillators,  and  the 
performance  for  a  given  resonator  was  similar  in  each  oscillator.  This  finding 
indicates  that  resonator  quality  dominates  oscillator  performance. 

Oscillator  Performance 

Frequency  Slahilitv  and  Phase  Noise  Results 

Allan  variance  data  for  the  5-MHz  oscillator  are  shown  in  Figure  1.  The 
Allan  variance  data  for  IDs,  100  s,  and  1000sareall<lE-I3.TheI000-s  Allan 


variance  is  dependent  on  the  aging  rate  of  the  oscillator.  There  is  little  differ¬ 
ence  between  the  lOO-sandthe  1000-s  Allan  variance  data  for  oscillators  with 
aging  rates  in  the  low  parts  in  E- 1 1 .  The  frequency  stabilities  presented  ate  not 
isolated  cases  that  cannot  be  repeated.  Allan  variance  data  collected  continu¬ 
ously  will  have  periods  of  8  to  10  h  without  a  single  data  set  exceeding  IE-13 
(Fig.  2).  Figure  3  presents  a  strip  chan  show  ing  frequency  measurements  made 
at  a  100-s  sample  rate  for  two  oscillators.  Oscillator  S/N  01  has  an  Allan 
variance  of  6.9E-14,  oscillator  S/N02  an  Allan  variance  of  2. IE- 1 3.  The 
difference  in  the  numerical  data  is  <3  to  1 ,  but  there  is  a  striking  difference  in 
the  strip  chan  recordings  of  the  two  oscillators.  Oscillator  S/NOl  hasasmooth, 
consistent  character  witli  fewer  random  penurbations,  whereas  oscillator  S/ 
N02  is  much  noisier.  The  Allan  variance  data  presented  in  this  paper  does  NOT 
assume  equal  noise  sources  (not  reduced  by  3  dB). 


Tau  (s) 

Figure  1.  Allan  variance  ofBVAoscillators.  Measurement  bandwidth=  1000 
Hz.  Measured  data  does  not  assume  equal  noise  sources. 

Phase  itoise  (£,  )  performance  of  these  oscillators  is  also  very  good, 
particularly  nearthecarrier.  The  phase  noise  1  Hz  from  the  carrier  is -1 3  IdBc/ 
Hz  descending  to  a  noise  floor  of -160  dBc/Hz  at  100  kHz  (Fig.  4). 

Twenty-four  hour  aging  rates  for  the  oscillators  varied  between  2E- 1 2  and 
4E-11.  The  oscillators  perform  better  in  a  vacuum  than  in  atmospheric 
conditions,  particularly  in  relation  to  elapsed  lime,  i.e.,  aging  rate  and  1000-s 
Allan  variance. 


Environmental  Effects 

Figure  5  presents  oscillator  performance  as  a  function  of  temperature.  The 
total  frequency  change  is  -1 .  IE- 11  for  a  temperature  change  of  80°C,  with  the 
maximum  temperature  coefficient  of  -4.3E-13/°C  occurring  between  37°C 
arxl  50°C.  The  tonperature  coefficient  between  1 5°C  and  30  °C,  which  is  the 
nominal  operating  range,  is  1.9E-I3/°C. 

The  maximum  accumulated  radiation  dose  encountered  by  these  oscillators 
during  any  given  orbit  is  0.6  id  (Si).  A  radiation  test  that  simulates  this 
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Figure  2.  Allan  variance  of  oscillator  over  a  10-h  period.  Mean,  6.9  E-14. 
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condition  caused  a  radiation-induced  frequency  change  for  these  resonators  of 
I  to  3  E-ll/rd  (Si).  Similar  results  using  BVA  resonators  have  been  reported 
|2|.  The  radialion-ind'jced  frequency  changes  are  generally  smaller  for  BVA 
resonators  than  for  conventional  resonators  using  elecuodes  plated  on  the 
vibrating  quartz  resonator  [3|.  Preconditioning  is  an  effccuvc  method  of 
reducing  resonator  sensitivity  to  radiation  These  resonators  were  precondi¬ 
tioned  w  th  a  radiation  dose  of  20  krd  (Si)  from  a  cobalt  60  source.  Figure  6 
is  a  typical  response  to  radiation  exposure  for  BVA  resonators  and  clearly 
shows  the  effect  of  preconditioning. 

The  initial  design  of  this  oscillator  included  a  radiation  shield  made  of 
tantalum  to  reduce  the  level  of  radiation  reaching  the  quartz  resonator.  The 
inclusion  of  this  shield  would  increase  both  the  assembly  complexity  of  the  os¬ 
cillator  and  its  weight.  The  design  implemented  after  a  more  thorough  analysis 
used  a  thick  copper  oven  housing  along  with  the  other  metal  assemblies  of  the 
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Figure  5.  Oscillator  performance  versus  temperature  in  vacuum. 
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a. 


Figure  6.  Frequency  response  of  BVA-SC  quartz  S/N23  resonator  to  radiation 
before  (a)  and  after  (b)  pre-conditioning  with  20  Krd.  Exposure  was  0.6  rd  for 
42  min  at  a  dose  rate  of  0.014  rd  (Si)/min  for  both. 


oscillator  to  provide  a  shield  that  is  equivalent  to  5  g/cm’  of  aluminum  without 
the  use  of  tantalum.  Protons  are  the  major  radiation  threat  to  this  oscillator  in 
orbit.  A  radiation  shield  with  a  density  of  5  g/cm^  is  very  effective  for  protons 
with  energy  levels  up  to  80  MeV .  In  a  trade-off  between  radiation  shield  weight 
versus  shielding  effectiveness,  5  g/cm^  is  optimum.  Additional  shielding  adds 
weight  at  a  linear  rale,  but  the  effectiveness  of  the  added  radiation  shielding  is 
limited. 

Thisoscillator  uses  a  magnetic  shield  to  reduce  theeffectsof  magnetic  fields 
on  the  oscillator  output  frequency.  Frequency  changes  produced  by  applying 
a  ±1.0  G  magnetic  field  to  the  oscillator  were  difficult  to  distinguish  from  the 
normal  noise  in  the  oscillator  output  frequency.  The  worst  case  frequency 
change  was  2E-12/G. 

The  oscillator  response  to  pressure  changes  is  presented  In  Figure  7.  Before 
this  test  started,  the  oscillator  had  been  operating  in  a  vacuum  of  1 E-6  lorr.  The 
oscillator  response  to  being  vented  to  atmospheric  pressure  is  depicted  in 
Figure  7,  which  also  shows  that  the  pressure  is  reduced  from  atmospheric 
pressure  to  a  vacuum  of  lE6lorr.  A  frequency  change  occurs  immediately, 
due  to  a  thermal  transient  produced  by  a  decrease  in  the  effective  thermal 
insulation  in  the  oscillator.  A  corresponding  change  in  DC  power  to  the 


oscillator  further  illustrates  a  rapid  change  in  the  thermal  characteristics  of  the 
oscilbutr.  The  net  frequency  change  from  the  beginning  U)  the  end  of  this  test 
was  less  than  2E-I0. 

The  effect  of  acceleration  on  the  output  frequency  of  this  oscillator  is  not  an 
important  parameter;  therefore,  a  simple  worst-case  2G  tip-over  test  was 
conducted.  The  measured  frequency  change  varied  between  6.2E-I  I  and2.5E- 
10,  with  a  mean  of  1.5E-I0. 

A  unique  approach  was  taken  to  isolate  the  B  VA  resonator  from  potentially 
damaging  shock  and  vibration  expected  during  launch  of  the  spacecraft  into 
orbit.  An  existing  and  proven  APL-designed  elastomeric  frusuxonical  -shaped 
isolator  molded  from  a  low-Q  RTV  compound  was  modified  to  accommodate 
the  increased  weight  and  size  of  this  oscillator.  These  isolators  are  carefully 
processed  to  eliminate  air  bubbles  during  molding  and  then  baked  in  a  vacuum 
to  remove  volatile  components,  which  reduces  ouigassing  to  acceptable  levels. 
A  flight  qualification  test  program  for  sine  and  random  vibration  and  pyro 
shock  was  successfully  completed  using  this  isolation  system.  Data  from  a 
vibration  survey  of  the  BVA  resonator  suggest  that  the  lesonator  probably 
would  survive  the  launch  environment  with  the  resonator  hard-mounted  in  the 
oscillator  without  vibration  isolation.  If  additional  tests  confirm  that  the 
resonator  could  withstand  the  vibration  environment,  the  size  and  weight  of 
the  oscillator  could  be  reduced. 


Frequency  Retrace 

Frequency  retrace  of  the  oscillator  was  characterized  by  removing  power 
from  the  oscillator  for  a  24-h  period  and  then  turning  power  on  again. 
Measurements  from  this  test  are  depicted  in  Figure  8.  The  oscillator  ouqiut  fre¬ 
quency  was  -8.7E-6  when  power  was  first  applied  and  gradually  increased 
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Figure  7.  Oscillator  response  to  pressure  change. 
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Figure  8.  Oscillator  lum-on  characteristics  in  vacuum  from  turn  on  to  60-70 
min  after  lum-on.  Ambient  temperature,  32°C. 
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during  the  first  60  to  70  min  of  the  test  until  the  oscillator  oven  reached  its 
operaung  temperature.  At  this  time,  the  output  frequency  was  =  -2E-7  and  still 
increasing.  Figure  9  shows  the  oscillator  output  frequency  from  100  min  to 
1500  min  after  tum-on.  After  24  h  (1440  min)  the  output  frequency  or  retrace 
was  2E- 10  below  the  oscillator  frequency  when  it  was  turned  off 

DC  inputpowertothcosc<llatorattum-on  was3.12  Wand  1 .48  W  after  the 
oscillator  oven  stabilized.  The  ambient  temperature  was  32°  C  during  this  test. 


Abrupt  Freuucncv  Changes 

Abrupt  frequency  changes  or  frequency  jumps  were  observed  in  some  B  V  A 
rc.sonators.  Stripchart  data  taken  ata  lOO-s  sample  rate  (Fig.  lOjillustratcsone 
of  these  events.  The  oscillator  frequency  had  been  very  stable  with  an  Allan 
variance  of  <2E- 13  before  the  erratic  behavior  shown  in  Figure  10  After  6  h 
of  errauc  performance,  the  oscillator  again  became  quiet  and  the  net  frequency 
change  near  zero,  taking  into  account  the  established  aging  rate.  The  magni¬ 
tude  and  duration  of  the  frequency  jumps  occur  over  a  wide  range.  Frequency 
jumps  occur  more  often  during  the  first  few  days  after  oscillator  tum-on  and 
usually  decrease  as  operating  time  accumulates;  however,  frequency  jumps  arc 
not  restricted  to  the  early  phase  of  oscillator  operation.  The  data  shown  in 
Figure  10  is  for  an  oscillator  that  had  been  operating  for  more  than  eight 
months. 
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Figure  9.  Oscillator  tum-on  characteristics  in  vacuum  from  1(X)  to  1500  min 
after  tum-on.  Ambient  temperature,  32°C. 


After  frequency  jumps  were  observed  in  several  resonators,  a  screening 
procedure  was  implemented  to  select  the  best  resonators  for  inslallauon  in 
flight  oscillators.  With  this  precaution,  the  performance  of  the  flight  oscilla¬ 
tors  was  not  compromised.  The  same  test  oscillators  were  used  to  evaluate 
several  resonators.  Some  resonators  did  not  have  frequency  jumps,  whereas 
others  produced  multiple  jumps;  it  is  therefore  safe  to  conclude  that  frequenc  y 
jumps  originate  in  the  resonators,  not  in  the  oscillator  circuiuy. 


Oscillator  Design 

Because  this  oscillator  is  critical  to  the  spacecraft  mission,  pans  with  the 
lowest  failure  ratesare  used  in  this  oscillator  design.  Toenhance  the  reliability 
of  the  oscillator,  the  voltage,  current,  and  power  ratings  of  the  parts  chosen 
were  heavily  derated.  A  minimum  useful  life  of  three  years  was  the  design  goal 
for  this  oscillator,  with  a  potential  extended  mission  life  of  five  years  The 
spacecraft  has  two  completely  independent  oscillators  to  provide  redundancy 
if  a  problem  should  occur  with  either  oscillator  during  the  life  of  the  missioi. 

The  oscillator  cucuit  is  a  modified  Colpitis  type  that  has  both  DC  and  AC 
negauve  feedback  to  stabilize  the  circuit  operating  point  and  to  reduce  flicker 
noise.  The  BVA  resonator  and  cntical  oscillator  components  are  housed  in  a 
high-stability,  single,  proportionally  controlled  oven.  The  oven  maintains  a 
constant  temperature  over  the  ambient  operating  temperature  range  to  ensure 
high  performance.  Output  amplifiers  with  high  isolation  (>70  dB)  provide  two 
independent  output  signals  ata  power  level  of +7  dBm.  Dual  high-stability  DC 
voltage  regulators  isolate  critical  oscillator  and  amplifier  circuits  from  input 
power  supply  variations  and  noise. 

Oscillator  performance  and  its  mechanical  design  are  closely  intern  .uted. 
Because  the  thermal  and  mechanical  design  of  the  oscillator  are  highly 
interdependent,  the  mechanical  design  of  the  oscillator  requires  more  care  than 
simply  designing  a  box  to  enclose  circuits.  The  oscillator  chassis,  or  outer 
housing,  provides  mechanical  support  for  the  various  oscillator  components 
and  is  part  of  the  vibration  isolation  system.  The  chassis  and  its  internal  struc¬ 
tures  reduce  the  probability  of  electromagneu  interference  (EMI)  signal  from 
entering  or  exiting  the  oscillator.  Methods  used  to  reduce  EMI  problems 
include  placement  of  lips  on  the  seams  between  metal  covers  and  the  oscillator 
housing,  use  of  partitions  to  separate  and  isolate  circuits,  and  placementof  EMI 
filters  on  all  wiring  between  electromagnetic  clean  compartments  and  EMI 
diny  areas.  The  flask  assembly — consisting  of  the  quartz  resonator,  the  low- 
Icvci  oscillator  circuit,  the  oven-control  circuit,  and  the  oven — forms  the  heart 
of  the  oscillator.  Because  these  components  are  sensitive  to  vibration  and 


Figure  10.  Abrupt  frequency  changes  in  5-MHz  BVA  resonators. 
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Oscillator 

board 


Figure  1 1.  Cross  section  of  oscillator  flask  assembly. 


Frequency  offset  from  carrier  (Hz) 

Figure  1 2.  Pha.se  noise  (£,)  of  1 0-MHz  B  VA  o.scillator.  Measured  data  does  not 
assume  equal  noi.se  sources. 

shock,  the  vibration  isolation  system  described  previously  isolates  the  entire 
Bask  assembly  from  the  o.scillator  chassis.  Figure  1 1  dcpicLs  a  cross  section  of 
the  flask  as.scmbly. 

The  oscillator  weighs  3.88  lb  and  occupies  a  volume  of  118  in’. 


10  MH/  BVA  Resonators 

Limited  testing  of  lO-MHz  BVA  resonators  was  conducted.  The  Allan 
variance  and  phase  noise  (£j)  arc  presented  in  Figures  1  and  12.  respectively. 
Although  performance  is  notasgotxIasS-MH/  BVA  resonators,  especially  the 
phase  noise  near  the  carrier,  the  results  aic  still  very  good  Aging  rates  of  the 
10- MHz  resonators  are  2E- 1 1/24  h. 


The  10-MHz  o.scillator  circuit,  oven,  and  mechanical  assemblies  arc  not  as 
well  developed  as  the  .S-MH/  oscillators  and  may  contribute  to  a  decrease  in 
performance.  One  very  positivcaspectof  the  lO-MHz  resonators  is  the  absence 
of  the  frequency  jumps  observed  in  the  5-MH/  resonators.  The  number  oi  10- 
MHz  resonators  evaluated  is  small  and,  when  additional  units  are  tested, 
frequency  jumps  may  be  found. 

Conclusion 

Superior  performance  by  a  newly  developed,  space-qualified  oscillator 
u.sing  a  BVA  quartz  resonator  has  been  demonstrated.  This  oscillator  design 
minimizes  frequency  changescau.scd  by  theenvironmental  effectsof  tempera¬ 
ture,  magnetics,  power-supply  noi.se,  load  changes,  and  F.MI.  Probably  the 
greatest  environmental  effect  on  oscillator  frequency  in  orbit  will  be  radiation. 
Oscillator  performance  continues  to  be  dominated  by  resonator  quality. 
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ABSTRACT 

A  new  10  MHz  BVA  quartz  crystal  oscillator  for  severe 
environments  was  presented  last  year  [  1  ] .  Drift  rates  of  less 

-11  -IT 

than  10  per  day  and  Oy(x)  of  5  to  7  x  10  at  10  seconds 

were  obtained  together  with  spectral  purity  of  1  IS  dB  at  1  Hz 
and  160  dB  at  1000  Hz.  10  MHz  third  overtone  tactical  BVA 
cut  resonators  were  used. 

However,  it  was  found  necessary  to  improve  the  oven 
design  especially  for  space  uses  in  satellites.  For  such  uses  the 
oscillator  circuit  had  also  to  be  modified  to  meet  magnetic  field 
effect  requirements.  In  this  paper  improvements  are  described 
and  results  on  the  new  oscillator  are  given  and  comnaented. 

A  cylindrical  oven  whose  axis  is  the  very  axis  of  the 
quanz  resonator  (in  HC  40  can)  is  studied.  Thermal  flux  is 
canalized  on  its  axis  at  a  place  where  thermistor  is  located. 
Thermal  exchanges  include  conduction  and  radiation  effects 
(however  reduced  by  use  a  dual  enveloppe).  The  oven  is 
theoretically  studied  through  a  scheme  which  uses  electric 
analogs  and  results  are  obtained  for  external  temperature 
between  -  25°C  and  +  60°C.  The  thermistor  is  located  onto  the 
resonator  can  where  temperature  is  very  close  to  the  turn  over 
point.  Analytical  modelizati'^n  uses  oven  symmetry. 

Thermal  regulation  design  includes  a  frequential  analysis 
between  0.001  Hz  and  10  Hz  with  a  60  dB  gain.  A  response 
analysis  to  temperature  steps  and  to  linear  temperature  variation 
(0.5°C/mn)  is  also  performed.  The  thermal  gain  and  dynamical 
behaviour  of  oven  electronics  is  deduced.  Insertion  of  a 
correction  network  with  phase  advance  in  oven  electronics 
yields  a  fast  oven  response. 

The  oscil'  r  improvements  in  space  conditions  are 
described  and  co,  .inented. 


INTRODUCTION 

This  paper  presents  improvements  needed  to  turn  the 

oscillator  previously  described  [  ^  ]  into  a  space  oscillator  for 
use  in  satellite  environment.  A  miniature  BVA2  10  MHz,  SC 


cut  3*^  overtone  crystal  is  used.  The  resonator,  which  comes 
inside  a  regular  HC  40/U  enclosure,  yields  low  pressure 
sensitivity  and  a  good  compromise  between  shock  and 
acceleration  sensitivities.  The  unit  is  carefully  prepared  from 
swept  material  and  colwelded  under  ultra  low  pressure  (less 
-8 

than  S  10  mbar).  The  main  crystal  characteristics  are  : 

Frequency  :  9'999'983  (-  10  Hz  -t-  6  Hz) 

T.O.P. :  80“^  (-  2‘>C  +  3°C) 

Q  factor  :  1.35  10^  (typical) 

Rj  :  95  O  (typical) 

G  maximum  sensitivity  ;  less  than  lo  '^/g 

External  pressure  sensitivity  :  5  10  *  * /bar  (typical) 

-12 

Magnetic  field  sensitivity  :  4.4  x  10  /Gauss 

A  new  oven  devoted  to  use  in  space  conditions  has  been 
studied  whose  mechanical  first  resonant  frequency  is  higher 
than  2000  Hz,  Thermal  gain  is  higher  than  2400.  Under  those 
conditions,  for  an  external  temperature  between  -  25°C  to  + 
60°C  the  crystal  unit  is  submitted  to  a  temperature  variation  of 
_2 

3.5  X  10  °C.  Oscillator  is  designed  to  satisfy  European  Space 
Agency  shock  and  vibration  norms.  Automatic  gain  control  is 
used  together  with  isolation  amplifier  of  100  dB  or  more.  A 
selecting  resonant  circuit  with  a  Q  factor  of  approximately  30  is 
used  to  select  the  C  mode  frequency  when  oscillations  are 
started.  This  circuit  is  automatically  damped  by  use  of  AGC 
signal  when  oscillations  are  established  so  as  to  avoid 
instabilities  due  to  the  selecting  circuit.  The  total  volume  of 
3 

oscillator  is  less  than  3(X)  cm  . 


I  -  OVEN  DESIGN 

Preliminary  theoretical  study  of  the  thermal  behaviour  of 
this  particular  type  of  BVA  resonator  has  been  done  in  past 
years.  As  a  consequence  it  was  found  useful  to  preserve  the 
cylindrical  symmetry  of  resonator  and  HC  40  enclosure  and  to 
design  a  cylindrical  oven  whose  axis  is  the  axis  of  the  resonator 
crystal  and  mounting.  Since  the  oscillator  is  operating  in  space 
several  reflectors  polished  and  gilded  are  used  to  limit  thermal 
exchanges  by  radiation.  The  oscillator  is  fixed  by  a  titanium 
spacer  so  as  to  limit  exchanges  by  heat  conduction. 
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The  oven  control  is  proportionnal  and  uses  a  thermistor 
located  at  the  place  of  maximum  thermal  flux.  An  electrical 
equivalent  network  of  the  oven,  using  electric  analog,  has  been 
studied  with  a  P.spice  simulation  together  with  the  oven 
electronic  control.  Result  appear  on  Fig.  1 .  Thermal  regulation 
design  includes  a  frequentid  analysis  between  0.001  Hz  and  10 
Hz  (Fig.  2),  a  response  analysis  to  linear  temperature  variation 
of  0.5°C/minute  (Fig.  3).  Warm  up  may  be  simulated  for 
various  external  temperatures  (Fig.  4  and  Fig.  5).  The  thermal 
gain  and  dynamical  behaviour  of  oven  is  deduced. 
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Of  course  a  mechanical  analysis  of  the  oven  is  performed 
through  a  finite  element  method.  The  final  design  correspond  to 
a  first  resonant  frequency  higher  than  2000  Hz. 

U  -  OSCILLATOR  DESIGN 

The  oscillator  is  basically  the  oscillator  previously 

described  [  *  ]  and  is  represented  on  Fig.  6.  The  oscillating  loop 
uses  a  single  very  low  noise  transistor  previously  "noise 
selected".  A  CE  configuration  is  used  for  the  amplifier  together 
with  Jt  phase  shifting  transformer.  A  true  AGC  is  used  which 
involves  an  F.E.T.  and  allows  oscillation  levels  of  the  Xtal 
between  60  and  100  pW.  The  final  level  is  choosen  for  a  good 
compromise  between  short  term  stability  and  aging.  The 
frequency  control  has  been  designed  to  allow  frequency 

variations  in  the  10  ^  range.  Two  cascode  output  amplifiers 
yield  an  isolation  factor  larger  than  100  dB. 

Oscillator  circuit  previously  described  needed  a  C  mode 
selection  obtained  through  a  parallel  resonant  circuit  mounted 
on  transistor  collector.  This  circuit  was  sensitive  to  external 
magnetic  field  thus  leading  to  frequency  instabilities  (which 
was  too  bad  since  BVA  tactical  resonators  turn  out  to  be  at  least 

3  times  less  sensitive  to  external  magnetic  field  [^]).  After 
starting,  the  selectivity  of  the  resonant  circuit  is  reduced.  So, 

the  slope  of  Af^^/  A,pp,ijg^  is  lowered  and  the  stability 
improved. 

Ill  -  MEASUREMENTS  AND  CONCLUSIONS 

Measurements  have  been  performed  to  check  oven 
thermal  gain  and  characteristics  under  vacuum  yielding  good 
agreement  with  theory.  No  resonant  mechanical  fi'equency  has 
been  found  lower  than  2200  Hz.  Preliminary  phase  noise  and 
short  term  stability  measurements  have  been  performed 
according  to  Fig.  7  showing  some  improvement  at  1  Hz  from 

'13 

the  carrier  and  a  better  0y(T  )  (^  5  10  at  10  s).  However 

additional  tests  must  be  conducted  on  the  final  Engineering 
model  in  space  conditions.  Nevertheless,  as  pointed  out  by 

other  authors  [3]  most  oscillator  performances  seem  to  be 
improved  by  use  of  BVA  type  resonators.  For  this  reason  a 
space  qualification  of  these  resonator  is  now  undertaken  in  our 
laboratory. 


[ij  R.J.  Besson,  M.  Mourey,  "A  B.V.A.  quartz  crystal 

oscillator  for  severe  environments",  44^  Annual 
Symposium  on  Frequency  Control  (A.S.F.C.). 
Proceedings  pp  593-596,  1990. 

[2]  R.  Brendel,  C.  Hassani.  P.  Krux,  "Magnetic  sensitivity 
of  oscillator  compxjnents",  5th  European  Frequency  and 
Time  Forum,  Besan^on,  1991. 

[3]  J.R.  Norton,  “BVA-type  quartz  oscillator  for  spacecraft", 

45**’  Annual  Symposium  on  Frequency  Control,  Los 
Angeles,  1991 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


A  SPACE-QUALIFIED  FREQUENCY  SYNTHESIZER 


Matthew  J.  Reinhait,  P.E. 
The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel,  Maryland  20723-6099 


Abstract 

This  paper  describes  the  perfcnmance  and  some  of  the 
design  features  of  a  dual-frequency  synthesizer  devel¬ 
oped  and  built  for  the  Topography  ^periment  (TOPEX) 
program.  The  space-qualified  synthesizer  generates  high- 
quality  4.096  MHz  and  19.056391  MHz  radio-frequency 
signals  from  a  S  MHz  reference  source  for  use  by  Global 
Positioning  Satellite  and  TDRSS  transponder  equipment 
aboard  the  TOPEX-Poseidon  satellite. 


dBc/Hz  at  1  kHz  offset.  The  19.056391  MHz  output  also 
shown  in  Figure  1  measures  -95  dBc/Hz  at  1  Hz  of^t 
and  -130  dBc/Hz  at  1  kHz  offset.  The  short-term  stabili¬ 
ty  (Allan  Variance)  of  each  fiequency  output  in  1 -second 
and  longer  measurement  intervals  is  less  than  5  parts  in 
1  X  l(r“  fractional  stability  as  shown  in  Figure  2.  The 
stability  of  the  synthesize  improves  with  longer  mea¬ 
surement  periods,  and  thus  the  outputs  gradually  acquire 
the  long-term  stability  of  the  refereKe  oscillator. 


Performance 

The  measured  performance  of  the  flight  synthesizer 
approaches  that  of  a  good  reference  oscillator.  The  spuri¬ 
ous  amplitude  spectrum  (excluding  harmonics)  is  less 
than  -80  dBc  from  1  Hz  to  1.5  GHz  offset  from  the  carri¬ 
er  of  each  output  frequency.  The  only  observed  spurious 
output  that  results  from  the  synthesis  process  appears 
during  phase  noise  tests  as  a  spur  at  the  -1(X)  dBc/Hz 
level  and  8  kHz  offset.  The  single  sideband  (SSB)  i^ase 
noise  of  the  4.096  MHz  output  as  shown  in  Figure  1  is 
-110  dBc/Hz  at  1  Hz  offset  from  the  carrier  and  -147 


Frequency  (Hz) 


Figure  1.  TOPEX  Synthesizer  Phase  Noise. 


Space  Qualification 

The  synthesizer  has  bear  fully  qualified  for  space 
flight  use.  Extensive  thermal  vacuum  tests  have  verified 
unimpaired  performance  over  a  temperature  range  of 
-20*  to  +60*  C.  The  phase  noise  and  stability  had  no 
measurable  dependence  on  temperature  within  the  test 
range.  The  qualification  also  included  vita-ation  tests  to 
oisure  launch  and  deployment  survival.  Synthesizer 
operation  remained  stable  during  shock,  sine,  and  ran¬ 
dom  vibration  tests.  The  synthesizer  was  exposed  to  co¬ 
balt  60  radiation  to  simulate  in-orbit  radiation.  During 
two  sequoitial  42-minute  exposures  of  0.6  Rad  (silicon), 
the  synthesizer  maintained  phase  lock  with  only  a  few 
millivolts  of  change  in  the  7 -volt  PLL  control  signal. 


442 


CH2965-2/9 1/0000-442  $1.00  ©  1991  IEEE 


Circuit  E)escription 

The  synthesizer  produces  the  4.0%  MHz  and 
19.056391  MHz  output  signals  from  a  5  MHz  reference 


Figure  3.  TOPEX  Synthesizer  Functional  Block  Diagram. 


signal  through  the  process  depicted  in  Figure  3.  Two 
high-quality  voltage-controlled  crystal  oscillators 
(VCXO’s)  phase  locked  to  the  reference  oscillator  are 
employed  to  ensure  excellent  long-term  stability.  The 
VCXO's  provide  a  low  spurious  amplitude  spectnun  and 
low  phase  noise  performance  with  high  short-term  stabil¬ 
ity  outside  the  bandwidth  of  the  phase-locked  loops 
(PLL’s). 

Each  output  signal  and  the  S  MHz  reference  signal  are 
digitally  divided  to  a  common  frequeiKy  used  to  drive  a 
unique  high-gain  phase  detector  (see  Figure  3).  A  high- 
gain  detector  is  necessary  to  counteract  die  large  division 
ratios  in  the  loop  and  the  low  VCXO  tuning  range.  A 
conventional  double-balanced  mixer  would  have  re¬ 
quired  a  E>C  amplifier  with  high  gain  to  obtain  the 
desired  loop  parameters  and  so  was  deemed  unsuitable 
because  of  the  inherent  noise  contributions  of  a  high-gain 
DC  amplifier  and  mixer. 

The  4.096  MHz  and  S  MHz  signals,  as  shown  in  Fig¬ 
ure  4,  which  illustrates  the  4.096  MHz  synthesizer  loop, 
are  divided  to  8  kHz  and  fed  into  an  analog  switch  phase 
detector  that  provides  the  entire  2  t  phase  slope  in  one  5 
MHz  cycle  rather  than  an  8  kHz  cycle.  The  phase  detec¬ 
tor  operates  by  closing  and  opening  an  analog  switch  in 
one  5  MHz  cycle  once  in  every  8  kHz  cycle  (5  MHz  /625 
=  8  kHz).  The  input  signal  to  the  analog  switch  is  a  50% 
duty  square  wave  at  an  8  kHz  rate  (4.096  MHz  /512  =  8 
kHz).  The  loop  locks  with  the  leading  edge  of  the  square 
wave  approximately  centered  within  the  pulse  from  the  5 
MHz  divider,  which  closes  the  switch.  The  analog  switch 
samples  the  8  kHz  square  wave  during  its  state  change, 
giving  an  average  analog  representation  of  the  relative 
phase.  In  the  presence  of  slight  phase  errors,  the  analog 
switch  will  pass  a  disproportionate  amount  of  either  the 
high  or  low  state  of  the  8  kHz  square  wave.  This  will 
result  in  a  control  voltage  offset  towards  one  of  the 
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Figure  4.  TOPEX  Synthesizer  Phase-Locked  Loop  Block  Diagram. 
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square  wave  states,  depending  on  the  sign  of  the  phase 
error.  The  analog  switch  output  is  low-pass-filtered  with 
a  lag-lead  filter  to  attenuate  loop  noise  and  8  kHz  ripple 
with  unity  open  loop  gain  at  approximately  0.2  Hz.  The 
gain  of  the  ^ase  detector,  including  the  dividers,  is  12 
volts  per  2  t  radians  of  5  MHz,  or  2.4  volts  per  one  radi¬ 
an  at  4.096  MHz. 

The  operation  of  the  19.056391  MHz  synthesizer  loop 
is  similar  to  that  of  the  4.096  MHz  loop,  but  the  signals 
are  divided  to  approximately  4  kHz,  and  a  wider  loop 
bandwidth  of  approximately  2  Hz  is  used.  The  wider 
loop  bandwidth  improves  Irath  the  short-term  stability 
and  close-in  phase  noise  of  the  19.056391  MHz  VCXO 
by  tracking  Ae  excellent  characteristics  of  the  5  MHz 
reference  oscillator.  In  the  case  of  the  4.096  MHz  syn¬ 
thesizer,  the  4.096  MHz  VCXO  provides  lower  phase 
noise  at  1  Hz  than  the  internal  loop  noise.  Therefore,  if  a 
2  Hz  bandwidth  were  used  for  the  4.096  MHz  loop  (as  in 
the  19.056391  MHz  loop),  the  close-in  phase  noise  per¬ 
formance  would  be  degraded  because  of  excessive  loop 
noise.  The  performance  difference  between  the  VCXO’s 
results  from  the  much  higher  quality  factor  of  the  4.096 
MHz  resonator  with  respect  to  the  19.056391  MHz  reso¬ 
nator. 

The  VCXO’s  employ  FC-cut  quartz  crystal  resonators 
housed  in  temperature-controlled  ovens.  The  tempera¬ 
ture  control  of  the  resonators  minimizes  the  effects  of  en¬ 
vironmental  changes  on  stability  and  also  reduces  the  re¬ 
quired  tuning  range.  The  VCXO’s  are  based  on  a  modi¬ 
fied  Colpits  design  with  a  fractional  frequency  tuning 
range  of  1  part  in  1  x  10*  to  accommodate  long-term 
aging  of  the  resonators.  The  resonator  used  in  the  4.096 
MHz  VCXO  was  screened  for  phase  noise  performance 
at  1  Hz  offset  from  the  carrier,  where  a  variation  of  20  dB 
was  measured  among  resonators  tested  from  the  same 
manufacturer  with  the  same  test  oscillator.  This  clearly 
demonstrates  that  the  4.096  MHz  synthesizer  phase  noise 
at  low-frequency  offsets  is  dominated  by  the  resonator. 
The  resonator  quality  factor  as  supplied  with  the  devices 


by  the  manufacturer  ranged  from  0.9  million  to  1 .8  mil¬ 
lion.  As  expected,  the  higher  quality  factors  provided  the 
better  phase  noise  performance.  The  resonator  drive  level 
was  optimized  for  low  phase  noise  performance  and  is 
maintained  by  a  feedback  loop  to  improve  the  stability. 

The  synthesizer  outputs  are  buffered  with  tuned  am¬ 
plifiers  (see  Figure  3)  that  provide  0  dBm  of  output  pow¬ 
er  into  50  ohms  and  over  60  dB  of  isolation  from  load 
variations.  The  total  input  power  to  the  unit  is  4.0  watts 
in  a  vacuum  at  25*  C  and  6.0  watts  at  turn-on  until  the 
resonator  ovens  reach  their  operating  temperature  of  70* 
C.  The  synthesizer  as  shown  in  Figures  5  and  6,  is 
housed  in  a  double-sided  chassis  with  ten  isolated  com¬ 
partments  and  has  a  mass  of  1 150  grams  fully  assembled 
with  side  covers.  The  isolated  compartments  and  the  use 
of  filtered  feedthroughs  for  control  and  supply  lines  con¬ 
trol  interference  among  the  circuit  boards.  Every  circuit 
board  has  a  linear  regulator  to  reduce  supply  line  inter¬ 
ference  between  circuit  boards  and  external  sources  fur¬ 
ther.  One  of  the  chassis  compartments  is  a  dedicated 
“dirty  box’’  where  all  the  DC  and  analog  inputs  and  out¬ 
puts  are  filtered  before  entering  the  unit. 

Analysis 

The  phase-locked  loops  were  analyzed  for  frequency 
and  time  domain  resptmse.  The  4.096  MHz  open  loop 
response  as  shown  in  Figure  7  has  unity  gain  at  0.2 
with  over  1(X)  dB  and  45’  of  stability  margin  (see  Figure 
8  ).  Essentially,  the  loop  is  unconditionally  stable  with  its 
lag-lead  filter,  since  the  180*  phase  shift  occurs  as  a  re¬ 
sult  of  additional  higher-frequency  filtering.  The  closed 
loop  response  and  time  domain  step  response  are  shown 
in  Figures  9  and  10,  and  the  damping  factor  was  deter¬ 
mined  to  be  0.55  with  a  natural  frequency  of  0.34  Hz. 

The  19.056391  MHz  loop  was  similarly  analyzed.  As 
shown  in  Figure  11  ,  the  open  loop  unity  gain  occurs  at 
1.7  Hz  with  80  dB  of  gain  margin  and  60*  of  phase  mar¬ 
gin  (see  Figure  12).  The  19  MHz  loop  uses  simpler 


Figure  5.  TOPEX  Synthesizer  (Top  View). 


Figure  6.  TOPEX  Synthesizer  (Bottom  View). 
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Figure  7.  4.096  MHz  Synthesizer  Open  Loop  Gain. 


□  Closed  Loop  Enror  Signal 
♦  Closed  Loop  Gain 


Figure  9.  4.096  MHz  Synthesizer  Closed  Loop  Response. 


Frequency  (Hz) 


□  Input  Step 
♦  Loop  Response 


Figure  8.  4.096  MHz  Synthesizer  Open  Loop  Phase. 


Rgure  10.  4.096  MHz  Synthesizer  Step  Response. 


filtering  than  the  4.096  MHz  loop  but  is  clearly  stable. 
The  closed  loop  response  is  shown  in  Figure  13.  Note 
that  the  error  signal  hump  at  3  Hz  coincides  with  the 
hump  in  the  phase  noise  response  shown  earlier  in  Figure 
1.  The  time  domain  step  response  is  shown  in  Figure  14, 
and  the  damping  factor  was  determined  to  be  0.56  with  a 
natmal  ftequency  of  4.8  Hz. 
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Figure  11.  19.056391  MHz  Synthesizer  Open  Loop  Gain. 


□  Closed  Loop  Error  Signal 
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Figure  13.  19.056391  MHz  Synthesizer  Closed  Loop  Re¬ 
sponse. 
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Figure  12.  19.056391  MHz  Synthesizer  Open  Loop  Phase. 


□  Input  Step 
+  LoopRe^nse 
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Figure  14.  19.056391  MHz  Synthesizer  Step  Response. 
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HIGH-STABILITY  QUARTZ  OSCILLATORS  OH 
IHTERHALLY -HEATED  QUARTZ  RESOHATORS  WITH  AT  AHD  SC  CUTS 
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13a  Klaa  Avanua,  Lanln^rad  199155,  USSR 


Abatract:  Praclalon  fraquancy  control 
raqulraaanta  for  futura  digital  coaaunlcatlon 
and  poaltlon  location  ayataaa  raqulra  laprovad 
ovanlzad  quartz  oaclllator  parforaanca  In  a 
nuabar  of  aapacta.  An  affactlva  way  to  fulfil 
tha  raqulraaanta  for  fraquancy  atablllty.powar 
conauaptlon,  alza,warn-up  tlaa.aachanlcal  affact 
raalatanca  ate.  la  to  uaa  Intarnally-haatad 
quartz  raaonatora  (IHQR).Thaaa  davlcaa  In  ona 
conatructlon  functionally  and  tachnologlcally 
coablna  a  quartz  raaonator  Itaalf  and  an  ovan. 

A  nuabar  of  Induatrlal  typaa  of  quartz  oa- 
clllatora  on  IHQR  with  AT  and  SC  cut  plazoala- 
aanta  hava  baan  davalopad.  Thay  hava  fraquancy 
atablllty  battar  than  i(2.S. . .S.O)xlO-*  In  taa- 
paratura  ranga  froa  -60  to  ^TS^C,  abort  -  tlaa 
atablllty  for  la  up  to  lxlO~*‘,tho  laval  of  pha- 
aa  nolaa  on  Fourlar  fraquanclaa  IHz  and  lOHz 
-115  dB/Hz  and  -134  dB/Hz  raapactlvaly,  powar 
eonauatlon  laaa  than  0.65W  (at  -60°C),  wara-up 
tlaa  at  '60°C  laaa  than  2... 10  aln  to  tlxlO-^  of 
tha  final  valua,  voluaa  5S...1<X)  ca*. 


According  to  tha  unlvaraal  tandancy  In  tha 
davalopaant  of  alactronlca  aora  atrlngant 
raqulraaanta  for  alza, powar  conauaptlon, and 
wara-up  tlaa  of  ovanlzad  quartz  oaclllatora  ara 
ralaad.Tha  fulfllnant  of  all  tha  coaplax  of  thaaa 
raqulraaanta  la  poaalbla  by  aaana  of  dacraaaa  In 
tha  voluaa  of  tha  ovan  and  laprovaaant  of  Ita 
fharaolnaulatlon, which  laad  to  llaltatlona  on  alza 
of  oaclllator 'a  ovan. 

Tha  alza  of  tha  ovan  will  ba  nlnlaal  If 
alnlaal  nuabar  of  oaclllator' a  alaaanta  ara 
ovanlzad, tha  plazoalaaant  only  In  Halt.  It  la 
obvloua  that  tha  baat  tharaolnaulatlon  la  a  vacuua 
gap. 

Only  two  waya  of  kaaplng  tha  plazoalaaant  at 
a  conatant  taaparatura  ara  known.  Tha  flrat 
conalata  In  putting  tha  flla  haatar  dlractly  on 
tha  plazoalaaant  (11.  In  thla  caaa  taaparatura 
aanaora  ara  alao  placad  (or  avaporatad)  on  tha 
plazoalaaant.  Tha  aacond  way  la  aora  traditional. 
Tha  plazoalaaant  la  placad  Inalda  a  aatal  chanbar. 
A  haatar  and  (whan  It  la  nacaaaary)  a  taaparatura 
aanaor  ara  placad  on  tha  baaa  of  thla  chaabar. 
Tha  aatal  chaabar  la  placad  In  outar  caaa 
(cablnat) ,  and  tha  atandard  package  of  a  quartz 
raaonator  (glaaa  or  natal)  la  tha  noat  applicable 
In  practice  (2) .Such  davlcaa  functionally  and 
tachnologlcally  conblnlng  In  tha  one  conatructlon 


quartz  raaonator  and  an  ovan  ara  called 
“Intarnally  haatad  quartz  raaonatora”  (IHQR). 

Further  wa  ahall  dlacuaa  only  Internally 
haatad  quartz  raaonatora  (IHQR)  aada  In  tha  aacond 
way,  ualng  chip  tharaoraalatora  froa  natarlala 
with  great  poaltlva  taaparatura  raalatanca 
coefficient  (poaltlva  TC  raalatora)  aa  haatara  and 
taaparatura  aanaora  (31 .  Tha  baalc  conatructlon 
of  tha  vacuua  Internally  haatad  quartz  raaonator 
with  poaltlva  TC  tharaoraalatora  uaad  aa  haatara 
and  taaparatura  aanaora  la  ahown  In  Fig.  1.  (41 

In  auch  IHQR  In  addition  to  tha  plazoalaaant  ona 
can  aaally  ovanlza  tha  varicap  diode  of  tha 
fraquancy  adjuatar  (It  lan't  ahown  In  tha 
figure). Thla  doaan't  enlarge  tha  voluaa  of  tha 
ovan  alnca  It  uaaa  a  chip  varicap  dloda.  At  tha 
aaaa  tlaa  placing  of  tha  varicap  dloda  In  tha  ovan 
aakaa  It  poaalbla  to  allalnata  tha  affact  of 
varicap  taaparatura  Inatablllty  on  fraquancy 
taaparatura  atablllty  of  oaclllator  which  can  ba 
algnlf leant  If  tha  varicap  dloda  lan't  ovanlzad. 

Uaa  of  IHQR  allowa  to  dacraaaa  aharply  powar 
conauaptlon,  fraquancy  tranalant  tlaa,  alza  and 
weight  of  ovanlzad  quartz  oaclllatora,  and  to 
Incraaaa  thalr  aachanlcal  raalatanca.  But  tha 
davalopaant  of  IHQR  laada  to  aany  problaaa, thalr 
potential  poaalbllltlaa  can't  ba  reallaad  without 
aolutlon  of  thaaa  problaaa. 

On  tha  ona  hand  thaaa  problaaa  ara  connected 
with  tha  fact  that  In  oaclllatora  on  IHQR  tha 
circuit  lan't  ovanlzad  (except  tha  varicap  dloda) 
and  Ita  fraquancy  Inatablllty  can  ba  tha  aaaa  aa 
IHQR  Inatablllty  or  even  aora.  Thla  la  an 
axtraaaly  aarloa  problaa  In  IHQR  with  SC-cut 
plazoalaaanta,  which  hava  a  atrong  additional 
undaalrabla  raaonanca  near  the  aaln  raaonanca. 

In  thla  caaa  It  la  nacaaaary  to  uaa 
fraquancy  aalactlva  clrculta  to  provide  atabla 
operation  on  tha  aaln  raaonanca.lt  aakaa  clrculta 
aora  coapllcatad  and  can  Incraaaa  thalr 
Inatablllty. 

On  tha  other  hand  problaaa  In  davalopaant  of 
oaclllatora  on  IHQR  ara  connected  with  a  atrong 
tharaal  coupling  between  tha  haatar  and  tha 
plazoaleaant.lt  aakaa  tha  ragulraaanta  to  tha  ovan 
control  circuit  aufflclantly  .  aora  atrlct  than  In 
caaa  of  traditional  axternal  ovana.  Unaatla- 
factory  daalgn  of  tha  ovan  control  circuit  can 
raault  In  aharp  deterioration  of  ahort-tlaa 
frequency  atablllty,  Incraaaa  of  oaclllator'a 
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Intrinsic  noise, and  In  long  transients  due  to 
voltage  supply  hops. 

Probless  sentloned  above  have  been  success¬ 
fully  solved  [5,61.  How  a  number  of  industrial 
types  of  quartz  oscillators  have  been  developed. 
Their  characteristics  are  shown  In  table  1  and  fi¬ 
gures  2-4  [71.  All  oscillators  are  Bade  according 
to  the  basic  structural  diagram  of  a  oscillator  on 
IHQR  shown  In  Flg.S.  The  basic  construction  of  the 
IHQR  Is  shown  In  Flg.l.  The  oscillators  mentioned 
in  the  table  differ  In  overtones  used  and  piezo- 
element  cut,  circuitry  of  different  units  of  the 
basic  structural  diagram,  voltage  supply,  con¬ 
struction.  Some  oscillators  include  additional 
units,  such  aa  frequency  multipliers  and  forsara 
for  shaping  of  pulse  signals  of  TTL  -  type  on 
the  output  of  the  oscillators,  which  are  not  In¬ 
cluded  In  the  basic  structural  diagram. 

From  cited  data  It  la  obvious  that  quartz 
oscillators  on  IHQR  allow  to  realize  the  whole 
complex  of  parameters  Including  the  short  -  time 
frequency  stability  and  the  spectral  density  of 
phase  noise,  which  is  In  line  with  the  beat 
parameters  of  quartz  oscillators  with  the  same 
size, power  consumption, tesperature  stability 
designed  with  help  of  other  modern  methods. 

In  the  further  analysis  of  ways  of  design  of 
precision  quartz  oscillators  on  IHQR  in  connection 
with  the  basic  tendency  to  Integration  of 
functionally  completed  units  first  of  all  la 
raised  the  possibility  of  ovenizlng  of  all 
circuitry  of  oscillator,  or  only  its  part  made  as 
a  specialized  chip,  in  the  volume  of  the  IHQR 
together  with  the  piezoelement  and  the  varicap 
diode.  The  advantages  of  such  a  step  are  evident 
both  from  point  of  view  of  sinlaturlzatlon  and  of 
further  Increase  of  frequency  stability.  The 
latter  circumstance  would  be  the  result  of 
elimination  of  the  influence  of  the  environment 
temperature  on  parameters  of  the  circuits  of 
oscillator  by  keeping  them  at  constant 
temperature.  These  Integral  oscillators  with 
circuits  made  as  hybrid  chips  and  ovenlzed  in  IHQR 
together  with  piezoelement  are  described  in  [81  . 

However  besides  evident  advantages  this 
approach  has  some  disadvantages,  the  main  one  of 
which  Is  the  effect  of  the  power  scattered  by  the 
ovenlzed  chip  into  IHQR. 

Let  Ph  be  the  power  controlled  by  the  oven 
control  circuit  of  IHQR;  T.  -  the  temperature  of 
the  oven;  Po«  -  power  uncontrolled  by  the  oven 
control  circuit  scattered  by  the  chip  ovenlzed  in 
the  IHQR;  R«  -thermal  resistance  of  the  IHQR  con¬ 
struction  to  heat  Irradiation  In  the  environment. 
Then  If  the  temperature  of  the  environment  Is  To 
the  thersal  balance  equation  Is: 

P.,  »  =  (  T.  -  To  )  /  Rt  (  1  ) 
or 

Po  =  [  T.  -  (  To  ♦  Pot«R.  )  1  /  Rt  <21 

From  (2)  follows  that  an  Instabllizlng  ef¬ 
fect  of  Poc  Is  present.  It  Is  equivalent  to  the 
Increase  of  temperature  range  of  the  environment 


by  Po.«R«  191. 

As  It  also  follows  from  (2)  It  Is  possible  to 
reduce  the  Instabllizlng  effect  of  power  scattered 
by  the  chip  ovenlzed  In  the  IHQR  by  the  following 
ways:  (l>  to  reduce  R^,  (11)  to  reduce  Po*; 
(111)  to  Increase  oven  temperature  T,.  Tha  first 
way  is  impossible  because  it  increases  power  con¬ 
sumption  of  IHQR  depriving  it  of  one  of  its  main 
advantages.  The  second  way  is  admissible  in  prin¬ 
ciple  but  its  possibilities  are  usually  limited  by 
the  value  of  lS-30  mW.  For  modern  IHQR  with  R* 
about  800°C/W  this  is  equivalent  to  Increase  of 
the  environment  temperature  by  10  -  20°C  approxi¬ 
mately.  The  third  way  Is  admiselbla  In  principle 
too  but  In  general  It  results  in  deterioration  of 
long-time  frequency  stability,  though  It  Is  pos¬ 
sible  to  realize  the  stability  of  lxl0-*/day  at 
T.  =90°C  (101  and  even  at  84°C  (113. 

In  fact  for  neutralization  of  inner  overhea¬ 
ting  due  to  the  heat  irradiation  of  the  ovenlzed 
chip  it  is  necessary  to  provide  the  fulfilment 
of  the  condition  T,  -  (  To  mo.  ♦  Pe«*R»  >  >  5°C 
at  highest  environment  temperature  To  loo..  So  in 
(111  due  to  the  uncontrolled  power  of  the  ovenlzed 
chip  they  had  to  Increase  the  oven  temperature  to 
94°C  though  the  upper  temperature  of  the  environ¬ 
ment  was  To  mox  =  »75“. 

In  addition  to  the  mentioned  problems 
ovenizlng  of  the  chips  in  the  closed  vacuum  space 
of  IHQR  leads  to  some  serious  technological 
problems.  They  are  connected  with  providing 
vacuum  hygiene  both  of  the  chips  themselves  and 
their  fastening  to  the  thermodlstributing  elements 
of  the  construction.  Lack  of  vacuum  hygiene  can 
result  in  deterioration  of  vacuum  in  the  volume  of 
the  IHQR,  that  leads  to  Increase  of  its  power 
consumption  and  deterioration  of  the  frequency 
stability. 

Let  us  consider  the  possibilities  of  quartz 
o-cillators  on  IHQR  without  ovenizlng  their 
circuits  (except  the  varicap  diode) . 

The  analysis  shows  that  if  the  varicap  diode 
is  ovenlzed  with  the  piezoelement  of  IHQR  as  it  is 
easily  realized  in  the  basic  construction  of  IHQR 
(Flg.l)  and  vacuum  inside  the  IHQR  isn't  deterio¬ 
rated  then  corresponding  circuitry  design  and 
choice  of  elements  make  it  possible  to  bring 
temperature  frequency  stability  of  the  unovenlzed 
rest  of  the  circuit  in  a  wide  temperature  range 
from  -60  to  ♦75°C  up  to  lxl0“*.  The  achievable 
temperature  stability  of  IHQR  itself  In  the  same 
temperature  range  is  also  about  1x10-*. 

Conclusions 

Thus  oscillators  on  IHQR  allow  to  cover  the 
temperature  frequency  stability  range  from 
2x10-“  to  2x10-'^.  Starting  with  stabllites  about 
2x10-'^  and  worse  it  is  possible  to  use  ther- 
Bocompensated  oscillators.  However,  situations  are 
possible  when  at  such  stabllites  oscillators  on 
IHQR  can  be  useful  due  to  their  simplicity  in 
spite  of  bigger  power  consumption  than  in  case  of 
thermocompensated  oscillators. 
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Tttbla  1. 


Charactarlstlca  oi  quartz  oaclllatora  on  Intarnally  haatad 
quartz  raaonatora  (IHQR> 
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SC 
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Fig.  1.  The  basic  construction  of  vacuua 
IHQR  with  positive  TC  theraoreslstors  ss  the 
heaters  and  the  taaperature  sensor:  1  -  the 
plezoeleaent;  2  -  the  crystal  holder;  3  -  the 
cover  -  the  tharnal  screen;  4  -  the  base  of  the 
crystal  holder;  5  -  the  heaters  and  the  teapera- 
ture  sensor  on  the  positive  TC  theraoreslstors;  6 
-  the  holder;  7  -  the  Interaedlate  fixing  base 
with  tha  centring  springs;  8  -  tha  tube;  9  -  the 
solid-state  getter;  10  -  the  base  of  the  case  with 
the  teralnals;  11  -  the  tharaoref lectlve  coating. 


Fig.  2a.  Typical  characteristics  of  frequen¬ 
cy  shift  of  quartz  oscillators  on  IHQR  with  AT- 
and  SC  -cut  plezoeleaents  during  wara-up  tlae 
after  turn  on  at  anvlronaent  taaperature  -60°C  (1) 
and  at  noraal  conditions  (2): 

AT-cut  (  5  HHz  at  tha  S-th  overtone  ) . 
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Fig.  2b.  Typical  charactarlatlca  of  froquan- 
cy  ahlft  of  quartz  oaclllatora  on  IHQR  with  AT- 
and  SC  -cut  plazoalaaanta  during  wara-up  tlaa 
aftar  turn  on  at  anvlronaant  taaparatura  -60^  (1) 
and  at  noraal  condltlona  (2) : 

SC-cut  (  S  KHz  at  tha  3-d  ovartona  ) . 


Z-w‘  5-10'*  2  /0'  ^  J  fO' '' 


Fig.  3.  Typical  changaa  of  wara-up  tlaa  of 
oaclllatora  on  IHQR  with  AT-  and  SC  -cuta  at 
wara-up  varaua  tha  raqulrad  fraquancy  accuracy 
Cdf/f): 

1  -  AT-cut,  t  *  -60*^:;  2  -  AT-cut,  t  *  ♦25°C; 

3  -  SC-cut,  t  *  -60°C;  4  -  SC-cut,  t  •  ♦25°C. 


Fig.  4.  Phaaa  nolaa  apactral  danalty  (Sy)  of 
quartz  oaclllatora  on  IHOR  varaua  fraquancy  offaat 
froa  tha  carrier  fraquancy  (Af>:  1,2  -  IHQR  on 
AT-cut,  S  MHz  at  tha  S-th  ovartona:  1  -  f.,u** 
5  MHz,  2  -  f,>„.>  10  MHz;  3  -  IHOR  on  SC-cut  at  tha 
3-d  ovartona  (fou**5  MHz). 


i’Un 


Fig.  S.  Tha  baalc  atructural  dlagraa  of  a 
quartz  oaclllator  on  IHOR:  A1  -  tha  aleaanta  of 
tha  alactronlc  fraquancy  adjuatar;  A2  -  tha  actlva 
part  of  tha  oaclllator  (with  tha  buffer  ampli¬ 
fier)  ;  A3  -  tha  rafaranca  voltage  aourca;  A4  -  tha 
proportional  oven  control  circuit;  E.t  -  tha  hea¬ 
ter  voltage  aupply;  -  voltage  aupply  of  tha 
raat  of  tha  oaclllator. 


451 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


HIGH-TEMPERATURE  SUPERCONDUCTING  RESONATORS 

J.  N.  Hollenhorst,  R.  C.  Taber,  and  L.  S.  Culler 
Hewlett-Packard  Laboratories,  3500  Deer  Creek  Road,  Palo  Alto,  C4  94304 

T.  L.  Bagwell 

Hewlett-Packard,  1412  Fouiita ingrove  Parkway,  Santa  Rosa,  CA  95405 

N.  Newman 

Conductus,  Inc.,  969  West  Maude  Avenue,  Sunnyvale,  CA  94086 


Abstract 

This  paper  will  report  preliminary  measurements  on 
high-r,.  superconducting  resonators  and  discuss  why 
they  are  attractive  candidates  for  incorporation  in 
low-noise  oscillators.  We  will  review  some  of  the 
important  contributions  to  oscillator  noise  and  show 
how  they  depend  on  the  resonator  parameters.  A 
preliminary  YBa2Cu307/LaA103  resonator  with  a  Q 
of  9X10'*  at  6.9  GHz  and  TXIO'*  at  3.5  GHz  has 
been  fabricated.  The  temperature  sensitivity,  power 
dependence  and  residu^  phase-noise  will  be 
discussed.  An  upper-limit  on  the  coefficient  of  the  Vf 
component  of  fractional-frequency  fluctuations  has 
been  measured  to  be  -204  dB  at  60  K.  This  is,  to  our 
knowledge,  the  best  value  reported  for  any  high-Tf 
superconducting  resonator. 


Introduction 

As  long  ago  as  1971,  a  superconducting  Niobium 
microwave  cavity  with  a  Q  of  5X10^*  was  reported.* 
Low-temperature  superconducting-cavity-stabilizcd- 
oscillators  (SCSO’s)  with  outstanding  short-term 
frequency  stability  have  been  constructed.  Stein  and 
Turneaure^  demonstrated  an  X-band  oscillator 
stabilized  by  a  cavity  with  a  Q  of  10*°  and  obtained 
an  Allan  variance  of  <Ty(j)  =  6X10'**. 
Unfortunately,  these  results  were  attained  only  at 
temperatures  below  2  K.  Recently,  the  advent  of 
superconductors  with  transition  temperatures  above 
80  K  has  raised  the  prospect  of  similar  performance 
levels  at  more  easily  attained  temperatures.  It  is  now 
possible  to  conceive  of  a  compact  SCSO  contained 
within  a  rack-mounted  instrument  incorporating  a 
small  and  inexpensive  closed-cycle  cryocoolcr. 


To  understand  the  benefits  of  superconducting 
resonators,  and  more  generally,  of  low-temperature 
operation,  it  is  useful  to  review  some  of  the  important 
sources  of  oscillator  phase-noise.  If  an  oscillator  has 
negligible  amplitude  modulation,  the  output  may  be 
written  as  V(t)  =  F’osin(2'iT/or  (f>(l)),  where  is 
the  nominal  frequency  and  (J>(f)  is  the  instantaneous 
phase  deviation.  It  is  useful  to  introduce  the 
fractional  frequency  deviation,  y(t)  =  (d^ldtyiTtfg. 
The  one-sided  spectral  densities  Sy{f)  and  S^{f)  of 
y{t)  and  ct)(t)  are  related  to  each  other  and  to  the 
single-sideband  noise  power  L(J)hy  the  equations:^ 


X 


=  2 


(1) 


Here  /  is  the  frequency  offset  from  the  nominal 
carrier  frequency  /„.  Strictly-speaking,  the  second 
equality  holds  only  in  the  limit  of  small  phase 
deviations.  While  L{J)  is  more  commonly  reported, 
Syif)  has  the  advantage  that  it  is  invariant  under 
noiseless  frequency  multiplication  and  thus  provides  a 
useful  figure-of-merit  for  comparison  of  oscillators 
operating  at  different  frequencies. 

An  approximate  expression  for  Sy(f)  that 
incorporates  four  of  the  most  important  noise  sources 
is  given  by:* 


2kTi 

~pr 


X 

L 


^^2  ^  a  ^  ^ 

4Qjf  /■ 


(2) 


Here,  k  is  Boltzmann’s  constant,  Qi  is  the  loaded  Q 
of  the  resonator,  is  the  total  power  delivered  to 
the  loaded  resonator,  and  a  and  b  are  constants  that 
specify  the  magnitude  of  the  Vf  phase-noise  in  the 
amplifier  and  the  1//  frequency-noise  in  the 
resonator,  respectively.  Tt  and  Tz  are  effectivc- 
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noise-temperatures  that  account  for  the  aniplifier  and 
resonator  thermal  noise  near  the  carrier  and  far  from 
the  carrier,  respectively;  their  relation  to  the 
fundamental  noise  sources  within  the  amplifier  and 
resonator  will  depend  on  the  details  of  the  oscillator 
sustaining  circuitry. 

At  frequencies  far  from  the  carrier,  Sy(f)  will  be 
dominated  by  the  term  proportional  to  /^.  To 
minimize  this,  it  is  desirable  to  lower  the  thermal 
noise  kT j  in  the  resonator  and  amplifier,  operate 
at  a  high  power  level  P,  and  to  cho:  '  a  high 
resonator  frequency  fo-  Operation  at  low  temperature 
should  allow  lower  values  of  Ti  and  Tj  to  be 
obtained.  It  may  also  be  possible  to  lower  the 
amplifier  1/f  noise  by  operating  at  low  temperatures, 
although  this  is  not  guaranteed.  The  maximum 
power  level  that  a  superconducting  resonator  can 
sustain  will  set  a  limit  on  P,  and  thus  is  important  in 
determining  the  far-from-carrier  noise. 

Within  the  loaoed-bandwidth  of  the  resonator,  the 
last  three  terms  in  equation  2  become  important.  It 
is  apparent  that  a  high  resonator  Q,  is  desired  to 
minimize  the  two  middle  terms.  As  we  will  see,  the 
low  surface-loss  in  high-temperature  superconducting 
films  leads  us  to  expect  that  very  high  values  of  Q/ 
will  be  possible.  In  addition,  it  is  known  that  the 
loss-tangent  in  certain  dielectric  materials  is  strongly 
temperature  dependent  and  can  be  remarkably  small 
at  low  temperatures.  For  example,  measurements 
have  shown  the  loss-tangent  of  sapphire  to  be  as  low 
as  1.5X10  *  at  78  K.* 

For  sufficiently  high  Q,,  the  close-to-carrier  noise  is 
expected  to  be  dominated  by  frequency  fluctuations 
of  the  resonator  itself;  these  will  be  unaffected  by  the 
resonator  Q/.  In  other  technologies  it  is  often  found 
that  the  resonator  frequency- fluctuations  obey  a  1// 
dependence.  In  the  absence  of  experimental  data,  it 
is  reasonable  to  hypothesize  that  the  same  will  be 
true  for  superconducting  cavity  resonators;  we  have 
thus  included  a  Vf  term  as  the  last  expression  in 
equation  2.  An  important  result  of  this  work  will  be 
to  set  an  upper  limit  on  the  size  of  this  noise  source. 

An  optimal  resonator  design  would  entail  efforts  to 
control  each  of  the  terms  in  equation  2  as  well  as 
consideration  of  tradeoffs  among  them.  For  example, 
going  to  higher  resonant  frequencies  will  reduce  the 
far-from-carrier  noise-floor  but  at  the  expense  of  the 
close-in  performance  since  the  Q  is  usually  a 
decreasing  function  of  resonant  frequency.  For  the 
same  Q  value,  electromagnetic  resonators  can 
typically  be  operated  at  much  higher  frequencies;  thus 


they  are  expected  to  have  better  far-from-carrier 
behavior.  As  another  example,  efforts  to  increase  Qi 
often  lead  to  reductions  in  F,;  if  the  relationship 
between  these  is  known,  equation  2  provides  a  simple 
basis  for  selecting  an  optimal  compromise.  The  last 
term,  the  resonator  I//  noise,  is  almost  invariably  the 
least  amenable  to  this  type  of  analysis.  1// behavior  is 
often  related  to  defects  and  other  phenomena  that 
are  poorly  understood  and  difficult  to  predict.  This 
unpredictability  makes  it  especially  interesting  to 
obtain  an  experimental  value  for  the  resonator  1// 
coefficient  in  equation  2. 

High-Temperature  Superconducting  Materials 

Since  their  discovery  in  1986,  remarkable  progress 
has  been  made  in  the  development  of  high  transition 
.;mperature,  oxide-superconductors.  For  applications 
to  cavity  resonators,  the  most  important  property  is 
the  microwave  surface  loss  and  its  dependence  on 
magnetic  field  at  the  temperature  of  operation.  The 
microwave  loss  is  often  characterized  by  the  surface 
resistance  If  J  is  the  root-mean-square  sheet 
current  density,  the  power  dissipation  per  unit  area  is 
given  by  Many  laboratories  are  now  routinely 

able  to  deposit  thin-films  of  the  90  K  superconductor 
YBa2Cu307  with  excellent  performance  at  10  GHz. 
Figure  1  shows  some  typical  R,  measurements 
performed  in  our  laboratory^  on  films  grown  by 
several  different  in  situ  processes.*’’*®  ”  For 
comparison,  estimated  values  for  the  low-temperature 
surface  resistance  of  copper  are  also  shown.  At  all 
temperatures  below  80  K,  the  surface  resistance  is 
significantly  smaller  than  that  of  copper.  The 
improvement  is  by  more  than  one  order  of  magnitude 
at  77  K  and  two  orders  of  magnitude  at  20  K.  As 
one  goes  to  lower  frequencies,  the  improvement  over 
conventional  metals  becomes  even  more  dramatic. 
Near  the  transition  temperature,  F,  typically  follows 
an  (i>^  dependence  while  for  normal  metals  a 
dependence  is  obeyed.”  At  1  GHz,  the  R,  of 
YBa2Cu307  films  should  be  approximately  100  times 
lower  than  the  10  GHz  values  shown  in  figure  1.  In 
the  near  vicinity  of  the  transition  temperature,  the 
measurements  are  close  to  the  fundamental  limit  that 
is  expected  due  to  the  dissipative  flow  of  normal 
currents  in  the  films;  below  70  K  all  samples  show 
the  presence  of  a  residual  resistance  whose  origin  is 
not  well  understood  but  probably  not  fundamental. 
Thus,  there  is  reason  to  expect  continuing 
improvement  in  R,  in  the  future. 
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Figure  1:  Surface  resistance  versus  temperature. 
Measured  values  of  the  surface  resistance  R,  at  10 
GHz  are  shown  for  four  pairs  of  YBCO  films.  For 
comparison,  estimated  values  are  shown  for  Cop[;.;r 
at  4.2  K  and  77  K. 


YBa2Cu307,  like  most  of  the  oxide-superconductors, 
is  structurally  asymmetric  and  highly  anisotropic  in  its 
superconducting  transport  properties.  To  obtain  the 
excellent  perforij.ance  shown  in  figure  1,  it  is 
essential  to  grow  nearly  epitaxial  films  on  single 
crystal  substrates.  In  fact,  the  surface  resistance  has 
been  shown  to  correlate  strongly  with  the  percentage 
of  misaligned  grains  in  a  highly-oriented  film.*^  This 
requirement  severely  restricts  the  choice  of  substrate 
materials,  as  well  as  restricting  the  resonator  designer 
(for  the  time  being,  at  least)  to  planar 
superconducting  films. 


Cavity  Design 

An  important  resonator  parameter  appearing  in 
equation  2  is  the  loaded  quality  factor  Q/.  The  best 
oscillator  performance  is  usually  obtained  near  critical 
coupling  where  Q/  is  one-half  of  the  unloaded  quality 
factor  Q  given  by: 

Q  ‘  =  Qc  +  Q  J  +  Qr-  (3) 

Here,  Qc  is  the  conductor  loss  due  to  finite  R„  Qj 
is  the  dielectric  loss  due  to  finite  loss-tangent  and  Q]} 
is  the  loss  due  to  radiation  that  escapes  the  cavity. 
To  gain  some  insight,  we  consider  the  case  of  a  cavity 
composed  of  a  uniform  dielectric  covered  with  a 
conductor.  The  conductor-limited  Q  is  then  given 
by:‘‘^ 


where  Z„  s  (p,/e)^  is  the  impedance  of  the  cavity 
medium,  V/S  is  the  volume-to-surface  ratio  of  the 
cavity,  X  is  the  free-space  wavelength  and  G  is  a 
geometrical  factor  that  is  near  unity  and  depends  only 
weakly  on  the  shape  of  the  cavity  and  the  mode  of 
oscillation.  For  this  simple  example,  Qa  is  just  the 
reciprocal  of  the  loss-tangent  of  the  dielectric.  The 
geometrical  factor  G  is  unity  for  a  cube,  a  square 
plate,  and  for  a  circular  cylinder  operating  in  the 
lowest  mode.  From  the  above  expression  it  is  clear 
that,  when  the  conductor  loss  dominates,  we  should 
maximize  the  volume-to-surface  ratio  and  minimize 
For  a  given  oscillation  frequency,  the  Q  will  be 
highest  if  we  build  a  large  cavity  and  operate  in  a 
high-order  mode.  For  an  empty  cavity,  Z„  =  377  fi, 
and,  for  a  cubical  resonator  in  the  lowest  mode,  the 
conductor  loss  gives  a  Q<.  of: 


V2-1T  377  n  ^  279  a 
6  R,  R, 


(5) 


Referring  to  figure  1,  we  see  that  an  /?,  of  100  p-H 
can  be  obtained  at  temperatures  as  high  as  50  K. 
Substituting  into  equation  5,  we  get  Qc  3X10‘.  If 
we  'vere  to  operate  at  1  GHz,  we  could  expect  a  Qc 
of  about  3X 10*  because  of  the  dependence  of  R,. 
Even  higher  values  of  Q  should  be  achievable  by 
operating  at  lower  temperatures,  using  higher-order 
resonant  modes  and  by  further  improvemeuls  in  Rj. 

Since  Q’s  of  10®  have  been  obtained  in  low- 
temperature  sapphire,  it  is  natural  to  consider  a 
superconductor /dielectric  hybrid  resonator.  In 
conventional  dielectric  resonators,*^  the  fields  must 
be  kept  away  from  any  metal  surfaces  to  minimize 
conductor  loss.  Often,  “whispering  gallery”  or  other 
high-order  modes  are  used  to  confine  the  fields  to  the 
dielectric;  in  addition,  the  walls  of  the  metal 
enclosure  must  be  kept  a  substantial  distance  from 
the  dielectric.  This  leads  to  resonators  that  are  rather 
bulky  even  for  operation  near  10  GHz.  By  using 
superconducting  films  in  conjunction  with  ultralow- 
loss  dielectrics  we  can  hope  to  achieve  high 
performance  resonators  in  a  compact,  mechanically 
stable  package.  As  the  technology  matures  and  R,  is 
reduced  further,  it  may  be  desirable  to  eliminate  the 
dielectric  or  find  materials  with  even  lower  loss. 
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Resonator  Measurements 

To  elucidate  some  of  the  major  issues  in  development 
of  low-noise  cryogenic  oscillators,  we  have  fabricated 
some  superconductor/dielectric  hybrid  resonators. 
For  these  preliminary  experiments,  we  have  chosen  a 
simple  structure  consisting  of  a  rectangular  dielectric 
slab  coated  on  two  sides  with  YBa2Cu307  films. 
LaA103  was  chosen  as  the  dielectric  since  a  process 
had  previously  been  developed  for  deposition  of  high 
quality  films  on  this  material.  The  relatively  high 
dielectric  constant  (€,  ~  25)  is  also  convenient  for 
these  experiments.  The  YBa2Cu307  films  were 
deposited  at  Conductus,  Inc.  by  an  off-axis  in  situ 
sputtering  technique,  described  in  detail  elsewhere.^ 
The  length  of  the  slab  was  chosen  as  1  cm  to  give  a 
fundamental  resonance  at  about  3  GHz.  The  width  of 
the  slab  was  chosen  to  be  0.5  cm.  The  thickness  of 
the  slab  was  chosen  to  be  0.05  cm  due  to  availability 
of  substrate  material.  Also,  since  four  sides  of  the 
slab  are  not  coated  with  superconducting  material, 
one  must  minimize  the  dissipation  due  to  fields  that 
radiate  beyond  the  dielectric  slab.  By  using  a  thin  slab 
with  a  high  dielectric  constant  and  enclosing  the 
resonator  in  a  metal  box,  the  loading  of  the  Q  due  to 
this  effect  is  minimized.  The  high  surface-to-volume 
ratio  of  the  resulting  1cm  X  0.5cm  X  0.05cm  cavity 
makes  it  more  sensitive  to  the  properties  of  the 
superconducting  films  than  an  optimized  design 
would  be. 

Figure  2  shows  the  measured  unloaded-Q  as  a 
function  of  temperature  for  the  two  lowest  modes  at 
3.5  and  6.9  GHz.  Over  most  of  the  temperature  range 
shown,  the  loss  is  believed  to  be  dominated  by 
dielectric  dissipation  in  the  LaA103.  Only  near  the 
superconducting  transition  is  the  superconductor-loss 
believed  to  be  important.  At  the  lowest 
temperatures,  some  of  the  loss  may  be  from 
dissipation  in  the  metal  enclosure  surrounding  the 
resonator.  The  highest  Q  values  were  obtained  at  the 
lowest  temperature  of  ~5  K;  they  were  9x  10^  at  6.9 
GHz  and  7X10“*  at  3.5  GHz.  While  these  values  are 
well  short  of  what  should  be  possible,  they  arc  still 
among  the  best  Q's  yet  reported  with  high-T,. 
material. 

In  order  to  perform  sensitive  measurements  of  the 
residual  phase-noise  in  the  resonator,  it  is  important 
that  the  coupling  to  the  resonator  be  near  the  critical 
value.  Our  measurements  were  typically  made  in 
transmission  mode  with  coupling  provided  by  shorted 
microstrip  lines  on  opposite  sides  of  the  slab  acting  as 
magnetic  loops.  By  changing  the  angle  of  the  slab 
relative  to  the  loops,  the  coupling  could  be  adjusted 
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Figure  2:  Unloaded  resonator  Q  versus  temperature. 
Data  is  shown  for  the  two  lowest  modes  at  3.5  GHz 
and  6.9  GHz. 


prior  to  each  cool-down  cycle. 

Recall  from  equation  2  that  the  far-from-carrier  noise 
depends  on  the  power  level  P,  in  the  resonator.  The 
product  of  /*,  and  Qt  is  proportional  to  the  energy 
stored  within  the  resonator;  this,  in  turn,  is 
proportional  to  the  product  of  the  resonator  volume 
and  the  mean  square  magnetic  field  within  the  cavity. 
For  superconducting  devices,  the  P,Qi  product  will  be 
limited  by  the  maximum  magnetic  field  that  the 
superconductor  can  support  before  the  dissipation 
becomes  excessive.  Figure  3  shows  the  loaded  C  at  77 
K  as  a  function  of  the  peak  magnetic  field  in  the 
center  of  the  cavity.  It  is  seen  that  a  substantial 
degradation  has  occurred  by  the  time  the  field 
reaches  4  gauss.  A  partial  explanation  for  this  is  that 
the  field  near  the  edge  of  the  resonator  is  much 
higher  due  to  field  crowding;  this  occurs  as  the 
magnetic  flux  lines  expand  into  the  region  outside  the 
dielectric  slab.  An  alternative  design  approach,  free 
from  this  problem,  is  to  use  one  of  the  azimuthally 
symmetric  modes  of  a  disk  resonator.  These  have  the 
property  that  the  magnetic  field  lines  are  parallel  to 
the  edge  of  the  disk.  Since  there  can  be  no  radial 
current  at  the  periphery,  the  magnetic  field  vanishes 
at  the  edge. 

An  important  source  of  noise  in  practical  resonators 
is  the  frequency  shift  due  to  temperature  fluctuations. 
We  have  thus  measured  the  temperature  dependence 
of  the  lowest  mode  of  our  resonator;  the  results  are 
shown  in  figure  4.  As  the  temperature  is  raised,  the 
magnetic  penetration  depth  rises,  leading  to  a 
decrease  in  resonant  frequency  as  the  transition 
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Figure  3:  Loaded  resonator  Q  versus  peak  magnetic 
field.  Qi  is  plotted  versus  the  estimated  peak 
magnetic  field  value  at  the  center  of  the  cavity.  At  the 
periphery  of  the  resonator,  the  field  is  considerably 
higher  because  of  field  crowding. 
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Figure  4:  Resonator  temperature  coefficient.  The 
inset  shows  the  frequency  of  the  fundamental  mode 
as  a  function  of  temperature.  The  main  plot  shows 
the  fractional  frequency  derivative  (l/f){df  /dT)  in 
parts  per  million  per  Kelvin. 


temperature  is  approached.  The  effect  is  exacerbated 
in  our  device  by  the  thin  (0.05  cm)  spacing  between 
the  YBa2Cu307  films.  In  spite  of  this,  the 
temperature  coefficient  due  to  penetration  depth 
effects  is  expected  to  be  negligible  below  about  50  K. 
The  residual  coefficient  of  2-30  ppm/K  in  the  10-50 
K  range  is  believed  to  be  caused  by  differential 
thermal  expansion  and/or  changes  in  the  dielectric 
constant  of  LaA103.  In  choosing  a  suitable  dielectric 
material,  these  effects  will  be  an  important 


consideration. 

The  residual  phase-noise  was  measured  using  an  HP 
3048A  measurement  system  operated  as  a  phase- 
bridge.  The  technique  is  similar  to  that  described  by 
Elliot  and  Bray.^^  The  resonator  is  operated  in 
transmission  mode  using  a  frequency  synthesizer  (HP 
8340B)  as  the  signal  source.  The  device  output  is 
mixed  with  a  90°  phase-shifted  sample  of  the 
synthesizer  output  using  a  low-noise  mixer.  The 
resulting  baseband  signal  is  fourier  analyzed  in  the 
1-100  kHz  range  using  a  low-frequency  signal 
analyzer  (HP  3561).  Figure  5  shows  the  mixer-limited 
measurement  noise-floor  determined  by  replacing  the 


Figure  5:  Phase  noise  measurement  floor.  The 
single-sideband  noise  power  L(f)  is  shown  as  a 
function  of  offset  frequency  for  the  phase-bridge 
operated  without  a  resonator.  The  carrier  frequency 
is  3.5  GHz. 


resonator  with  a  straight-through  connection.  The 
single-sideband  noise  power  Hf)  is  displayed  versus 
offset  frequency.  A  number  of  spurs  are  visible  that 
are  inheren*  in  the  measurement  equipment.  The  1// 
component  has  an  intercept  of  -129  dBc/Hz  at  1  Hz 
offset.  Thus,  the  coefficient  of  the  1/f  component  is 
-129  dBc. 

Figure  6  shows  the  residual  phase-noise  with  the 
resonator  in  the  circuit  and  operating  at  14  K  with  a 
Qi  of  7300.  The  output  power  from  the  resonator  was 
3.2  dBm.  For  compari.son,  a  smoothed  version  of  the 
noise-floor  data  is  also  shown.  An  approximately  Vf 
behavior  is  observed  between  4  and  400  Hz.  The 
coefficient  of  this  1//  component  is  -125  dBc,  a  value 
that  is  about  4  dB  above  the  mbcer  noise-floor.  Figure 
7  shows  the  same  measurement  done  at  60  K  with  a 
Qi  of  6400  and  an  output  power  of  2.2  dBm;  in  this 
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Figure  6:  Residual  phase  noise  at  14  K.  The 
resonator  center  frequency  is  3.5  GHz  and  the 
loaded-Q  7300.  The  power  output  from  the  resonator 
is  3.2  dBm.  The  broken  curve  is  a  smoothed 
representation  of  the  mixer  noise-floor.  The  resonator 
ly/  component  is  less  than  -125  dBc. 
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Figure  7:  Residual  phase  noise  at  60  K.  The 

resonator  center  frequency  is  3.5  GHz  and  the 

loaded-Q  6400.  The  power  output  from  the  resonator 
is  2.2  dBm.  The  broken  curve  is  a  smoothed 

representation  of  the  mixer  noise-floor.  The  resonator 
1//  component  is  less  than  -125  dBc. 


case,  the  1//  term  is  also  -125  dBc,  very  close  to  the 
result  at  14  K.  All  but  two  of  the  spurs  in  figures  6 
and  7  also  appear  in  the  noise-floor  measurement 
and  are,  hence,  instrument  related.  The  origin  of  the 
other  two  spurs  at  29  Hz  and  37  Hz  is  not  known  and 
may  also  be  an  artifact  of  the  measurement  set-up. 
Vibration  sensitivity  was  not  measured  but  was  small 
enough  not  to  affect  the  phase-noise  measurements. 


Below  10  Hz  there  is  excess  noise  apparent  in  both 
measurements.  The  excess  at  1  Hz  is  about  15  dB  at 
14  K  and  32  dB  at  60  K,  an  increase  of  17  dB.  We 
believe  that  this  additional  noise  is  due  to 
temperature  fluctuations  of  the  resonator.  At  14  K 
the  temperature  coefficient  is  about  3  ppm/K,  while 
at  60  K  it  is  about  50  ppm/K.  If  the  temperature 
fluctuations  were  comparable  at  the  two 
temperatures,  we  would  expect  a  difference  of  about 
24  dB  rather  than  the  measured  17  dB.  Since  the 
thermal  time  constants  are  shorter  at  lower 
temperatures,  it  would  not  be  surprising  if  the 
thermal  fluctuations  were  somewhat  greater  at  14  K. 
The  actual  temperature  fluctuations  during  the 
measurement  were  not  known  accurately,  but  did  not 
exceed  10  mK.  It  is  clear  that,  as  in  the  case  of 
acoustic  devices,  temperature  control  and 
minimization  of  temperature  coefficient  will  be 
important  design  issues. 

Since  the  results  above  10  Hz  are  so  close  to  the 
muter  noise-floor  and  very  similar  at  14  and  60  K,  the 
question  arises  whether  the  measured  1//  noise  is 
instrument  related  or  truly  representative  of  the 
resonator.  In  fact,  the  noise-floor  evaluation  shown  if 
figure  5  is  insensitive  to  phase  fluctuations  in  the 
signal  source.  When  the  device  under  test  is  placed  in 
the  bridge,  the  measurement  becomes  more  sensitive 
to  the  signal  source  noise.  This  effect  gives  rise  to  a 
large  increase  in  the  measured  noise  above  1  kHz 
that  is  clearly  seen  in  figures  6  and  7.  The  effect 
below  1  kHz  results  from  a  tradeoff  between  the 
rapidly  falling  sensitivity  to  source  noise  and  the 
rapidly  rising  level  of  this  noise  as  the  frequency  is 
lowered.  Our  measurements  of  the  source  noise 
suggest  that  it  can  account  for  some,  but  not  all,  of 
the  increased  noise  seen  when  the  resonator  is  in  the 
bridge.  Given  the  uncertainties  in  determination  of 
the  true  noise  floor,  we  will  take  a  conservative 
approach  and  interpret  our  results  as  upper-limits  on 
the  resonator  1//  noise;  thus  the  coefficient  of  the  1// 
component  is  less  than  -125  dBc  for  a  3.5  GHz 
resonator  operating  either  at  60  K  with  a  Q/  of  6400 
or  at  14  K  with  a  Q/  of  7300. 

To  facilitate  comparison  with  other  results  and  to 
relate  to  equation  2,  we  now  wish  to  compute  the 
value  of  Sy  that  would  be  obtained  in  an  oscillator. 
To  do  this,  note  that  a  deviation  of  A/  in  the 
resonator  center  frequency  would  produce  a  phase 
deviation  of  2Q/A///o.  Thus, 
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S'y(f)  = 


2Q 


(5) 


where  the  superscript  (r)  means  that  the  quantity 
refers  to  the  resonator.  From  the  above,  we  obtain 
the  result  that  the  resonator  1//  cocfncient  (b  in 
equation  2)  is  less  than  -204  dB.  Table  1  compares 
this  result  to  several  other  measurements  that  have 
been  reported.  The  last  column  gives  the  1// 
coefficient  (b)  that  we  have  calculated  from  the 
published  results. 


Table  l:Resonator  Performance  Comparison 


Institution 

Device 

fo 

GHz 

Loaded 

Q 

yf 

b 

HP/Conductus 
(this  work) 

YBCO/LaAlOj 
Parallel  Plate 

3.5 

7,300 

-204 

Avantek/STI 

Thallium 

Microstrip 

2.28 

4,000 

-174 

Lincoln  Labs 

Nb/Si 

Stripline 

1.0 

80,000 

250,000 

-211 

-206 

Raytheon 

SAW 

0.5 

8,000 

-220 

The  Avantek/STI  result^^  is  for  a  TlBaCaCuO 
microstrip  resonator  operated  as  an  oscillator  using 
an  FET  amplifier.  They  also  report  results  for  a  gold 
resonator,  obtaining  a  value  for  Sy  that  scales  roughly 
with  0/ .  This  is  the  expected  behavior  for  amplifier- 
limited  noise  and  suggests  that  their  result  should  be 
interpreted  as  an  upper-limit.  The  best  Lincoln  Labs 
result*®  is  for  a  Nb/Si  stripline  device  operated  in  an 
oscillator  at  4.2  K.  For  0’s  ranging  between  23,000 
and  250,000  they  report  Sy  values  ranging  from  -206 
to  -211  dBc/Hz  at  1  Hz  offset.  To  our  knowledge, 
our  own  result  is  the  best  obtained  to  date  with  high- 
temperature  superconducting  films  and  gives  an 
upper-limit  within  7  dB  of  the  Lincoln  Labs  low- 
temperature  result.  The  Raytheon  result*’  is  for  a 
state-of-the-art  surface  acoustic  wave  oscillator. 

It  is  encouraging  that,  at  this  early  stage,  we  have 
already  approached  measurement-limited 

performance. 


Conclusions 

We  have  fabricated  YBa2Cu307/LaAl03  parallel 
plate  resonators  with  a  small  plate-spacing  that 


should  be  sensitive  to  properties  of  the 
superconducting  films.  The  residual  frequency 
fluctuations  were  measured  and  an  upper-limit  of 
-204  dB  placed  on  the  resonator  1//  coefficient.  Near 
the  carrier,  excess  noise  due  to  temperature 
fluctuations  was  observed;  the  residual  temperature 
coefficient  is  believed  to  be  due  to  properties  of  the 
LaA103  dielectric.  The  resonator  0  was  seen  to  be 
strongly  temperature  dependent  and  is  also  believed 
to  be  dielectric-limited.  The  power  dependence  of  the 
0  was  seen  to  be  a  significant  resonator  design  issue. 
We  believe  that  the  prospects  are  excellent  for 
further  improvements  in  superconducting/dielcctric 
hybrid  resonators  particularly  by  exploiting  higher 
quality  dielectric  materials. 

The  authors  thank  Brady  Cole,  Bob  Bray  and  Bill 
Anklam  for  their  help  in  the  course  of  this  work.  In 
addition,  we  thank  Paul  Merchant  for  providing  films 
for  some  of  the  R,  measurements. 
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Lexington,  MA  02173-9108 


Abstract 


Measurements  of  surface  resistance  Rs  in  thin  films 
of  YBa2Cu307.x  produced  by  magnetron  sputtering  have 
been  carried  out  using  a  stripline  resonator.  The  best 
values  that  we  have  obtained  are  Rs  =  2.6  x  lO  ®  O  at 
4  K  and  Rs  =  8.3  x  10-6  Q  at  77  K,  both  at  1.5  GHz. 
Four-pole  microstrip  bandpass  filters  have  been  fabricated 
using  these  thin  films  on  1.3  x  2.3-cm  LaAlOs 
substrates.  Such  filters  with  a  center  frequency  of 
4.8  GHz  and  a  bandwidth  of  1%  have  exhibited  a  passband 
insertion  loss  as  low  as  0.5  dB  at  77  K.  The  Rs  of 
YBa2Cu307.x  films  has  been  found  to  increase  with  input 
power  at  power  levels  that  depend  on  film  quality,  an 
effect  that  can  be  related  to  the  rf  magnetic  field  at  the 
conductor  surface.  The  power  dependence  of  Rs  leads  to 
nonlinear  effects,  such  as  generation  of  harmonics  and 
intcrmodulation  products,  which  must  be  avoided  in  linear 
device  applications.  Measurements  of  intermodulation 
products  in  the  filters  are  presented  as  well  as 
measurements  of  phase  noise  in  filters  and  resonators. 

Introduction 

Applications  of  the  high-transition-temperature  (high- 
Tc)  superconducting  materials  at  microwave  frequencies 
arc  of  interest  because  the  losses  in  these  materials  at 
10  GHz  and  at  temperatures  as  high  as  77  K  have  been 
shown  to  be  at  least  an  order  of  magnitude  lower  than 
those  in  copper  at  the  same  frequency  and  temperature. 
Furthermore,  based  on  theoretical  considerations,  the 
surface  resistance  Rs  might  be  lowered  by  another  factor 
of  10  to  100  by  improvements  in  the  material  fabrication 
methods.  In  addition  to  lower  Rs,  superconducting 
transmission  lines  have  much  lower  dispersion  than 
normal  metal  lines.  High-Q-factor  resonators,  low-loss 
narrowband  filters,  and  long  delay  lines  are  therefore  the 
most  promising  applications,  because  they  require  very 
low  conductor  losses  and  (in  the  case  of  delay  lines)  low 
dispersion.  Numerous  practical  devices  have  Steady  been 
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It  has  been  known  for  some  time  that  values  of  Rs  of 
the  high-Tc  materials  are  dependent  on  the  level  of 
microwave  power  used  in  the  measurement  This  effect 
can  be  directly  related  to  the  peak  rf  magnetic  field  H^  at 
the  surface  of  the  superconductor.  Recently  completed 
calculations  of  current  distributions  in  stripline 
transmission  line  structures^  enable  quantitative 
measurements  of  Rs  vs  H^  at  the  conductor’s  surface.  By 
using  the  results  of  the  calculations  and  the  measured 
values  of  Q  and  resonant  frequency  of  a  stripline 
resonator,  microwave-frequency  Rs  has  b^n  measured  as  a 
function  of  frequency  from  1.5  to  20  GHz,  temperature 
from  4  K  to  the  transition  temperature  (Tc  =  90  K),  and 
Hrf  from  0  to  300  Oe. 

Measurements  of  Rs(Hrf)  have  shown  that  the  best 
epitaxial  films  exhibit  weak  dependence  of  Rs  on  H^f, 
while  lower-quality  films,  believed  to  be  composed  of 
grains  connected  by  weak  links,  show  an  Rs  increasing  in 
linear  proportion  to  Hrf.  The  magnetic  field  dependence  of 
Rs  leads  to  the  generation  of  nonlinear  effects  at  power 
levels  that  in  lower-quality  films  can  be  well  below  those 
corresponding  to  the  critical  field  Hd-  In  this  paper, 
measurements  of  the  intermodulation  (IM)  products  of 
low-loss  fillers  fabricated  from  YBa2Cu3C)7  are  presented 
as  well  as  measurements  of  the  microwave-frequency 
phase  noise  in  the  filters  and  in  high-Q  resonators. 
Projections  of  the  phase  noise  for  oscillators  employing 
stripline  resonators  as  the  stabilizing  element  are  also 
reported. 

Measurements  of  Rs 

Measurements  of  Rs  in  thin  films  of  YBa2Cu307_x 
have  been  carried  out  using  the  stripline  resonator  shown 
schematically  in  Fig.  1.  The  films  were  deposited  on 
LaA103  substrates  by  an  in-situ  off-axis  sputtering 
technique  described  previously.**  The  stripline  resonator 
method  of  determining  Rs  has  been  reported  in  detail 
elsewhere,^  and  only  a  brief  summary  is  given  here.  To 
determine  Rs,  we  first  determine  the  magnetic  pcncteation 
depth  of  the  films,  X,  by  measuring  the  center  frequency  f 
of  the  fundamental  resonance  as  a  function  of  temperature 
from  low  temperatures  to  as  close  to  Tc  as  possible.  We 
then  fit  f(T)  to  a  two-fluid-model  expression  of  X  (T)  by 
using  the  calculated  current  distributions^  to  model  the 
dependence  of  the  stripline  inductance  on  X. 
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STRIPLINE  CROSS  SECTION 
(a) 


TRANSMISSION 


TOP  VIEW 
(b) 

Figure  1 .  Schematic  (a)  cross-sectional  and  (b)  top  views 
of  the  stripline  resonator  used  in  the  measurements. 

Then  we  measure  the  Q  of  the  resonator  as  a 
function  of  temperature  at  the  fundamental  of  1.5  GHz 
and  all  of  the  overtone  frequencies  up  to  20  GHz.  By 
knowing  X  (T),  the  calculated  current  distribution  is  used 
to  extract  the  surface  resistance  from  the  Q.  The  results 
of  these  measurements  are  shown  in  Fig.  2  for  Rj  vs  T 
and  in  .Hg.  3  for  Rs  vs  f  for  a  resonator  fabricated  from 
some  of  the  best  films  produced  at  Lincoln  Laboratory. 
These  values  of  Rs  represent  results  for  patterned  films 
and  are  comparable  to  the  best  results  reported  by  other 
laboratories.^  Surface  resistance  in  the  films  at  10  GHz 
and  77  K  is  more  than  10  times  smaller  than  that  in 
copper  at  the  same  temperature. 

The  Q  of  the  resonator  and  therefore  the  surface 
resistance  of  the  films  of  YBa2Cu3C)7,;j  are  dependent  on 
the  power  input  to,  and  Hrf  in,  the  resonator.  The  power 
dependence  of  the  surface  resistance  has  been  observed  in 
other  high-quality  films  by  a  number  of  workers^  in 
YBa2Cu307  ,1  and  other  high-Tj.  superconductors.  It 
seems  to  be  a  property  of  all  such  films  fabricated  to  date, 
irrespective  of  film  quality.  The  degree  of  power 
dependence,  however,  does  seem  to 


be  related  to  film  quality  because  films  with  high  quality, 
determined  by  means  other  than  measurement  of  the 
microwave  properties,  appear  to  exhibit  lower  dependence 
on  Hrf.  Yet,  the  origins  of  the  power  dependence  are 
not  well  understood,  and  it  is  not  known,  for  instance,  if 
the  power  dependence  is  an  intrinsic  property  of  the  high- 
T(.  materials  of  if  better  fabrication  mediods  will  eliminate 
it.  Figure  4  shows  the  results  of  our  measurements  of  Rs 
as  a  function  of  H^. 


TEMPERATURE  (K) 

Figure  2.  Surface  resistance  vs  temperature  for  the  first 
three  modes  of  the  best  sputtered  film.  The  frequency  of 
each  mode  is  given. 


Figure  3.  Surface  resistance  vs  frequency  for  three 
different  temperatures  as  indicated.  These  results  are  for 
the  best  sputtered  films. 


We  note  that  conventional,  low-T^  superconductors 
also  exhibit  power-dependent  Rs.*  It  is  encouraging  that 
the  power  dependence  measured  at  low  temperatures  in 
YBa2Cu307.;i  resonators  is  similar  to  that  measured  in 
resonators  fabricated  from  the  conventional  superconductor 
Nb.  In  the  Nb  resonators,  Rs  is  essentially  independent 
of  Hrf  up  to  peak  fields  of  300  Oe. 
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PEAKHrf  (Oe) 

Figure  4.  Surface  resistance  vs  peak  Hrf .  the  peak  field  at 
the  edges  of  the  center  strip,  for  two  films  at  4  and  77  K. 
The  frequency  in  all  cases  is  1.5  GHz. 

Devices 

Resonators  for  Oscillator  Stabilization 


Superconductors  have  been  proposed  for  the 
stabilization  of  low-noise,  microwave-frequency 
o.scillators  because  of  the  high  Q  that  can  be  achieved  at  a 
high  fundamental  frequency  in  the  resonators. ^  It  is  well 
known  that  increased  Q  results  in  decreased  noise.  The 
resonator  used  to  obtain  the  surface  resistance  values 
shown  in  Fig.  2  have  a  Q  of  120,000  at  1.5  GHz  at  low 
temperature  and  power.  This  resonator  was  designed  for 
material  evaluation,  and  the  Q  value  can  be  raised  by  as 
much  as  a  factor  of  10  by  optimizing  the  design  for  high 
Q.  Such  high  Q  values  immediately  suggest  application 
to  oscillator  stabilization,  and  since  the  high  Q  is 
attainable  at  high  frequencies,  direct  X-band  operation  is 
feasible  without  the  need  for  frequency  multiplication. 

In  order  to  project  the  performance  of  an  oscillator 
stabilized  by  a  resonator  fabricated  with  a  high-Tc 
superconducting  thin  film,  we  have  calculated  the  phase 
noise  for  t3'pical  performance  parameters.  The  analysis  of 
the  phase  noise  of  feedback  oscillators  given  by  Leeson'O 
leads  to  the  following  well-known  expression  for  the 
single-sideband  phase  noise  L((o): 


L((o)  =  lOIog 


n2 


1-t- 


=  10IogN2 


4Q2co3 


GFkTtog  g  ^  GFkT 

4Q2pa)2  p 


where  Lfco)  is  the  noise  power  relative  to  the  carrier  in  a 
I -Hz.  bandwidth  given  in  dBc/Hz,  N  is  the  frequency- 
multiplication  factor,  (Oq  is  the  oscillator  fundamental 


frequency,  Q  is  the  loaded  resonator  quality  factor,  o)  is 
the  offset  frequency  in  rad/s,  a  is  the  empirically 
determined  flicker-noise  constant,  G  is  the  loop  gain,  F  is 
the  amplifier  noise  figure,  k  is  Boltzmann's  constant,  T  is 
the  absolute  temperature  of  the  amplifier,  and  P  is  the 
power  at  the  output  of  the  amplifier.  Since  the  Q  enters 
in  the  denominator  of  the  first  two  terms,  it  is  obvious 
that  high-Q  resonators  are  desirable  for  low  phase  noise. 

The  flicker  (1/0  noise,  which  is  characterized  by  a, 
can  originate  in  either  the  amplifier  or  the  resonator  or 
both.  Amplifier  flicker  noise  is  suppressed  by  the  1/Q2 
term  in  the  Leeson  expression,  but  flicker  noise  that 
originates  in  the  resonator  (typically  variations  in 
resonant  frequency)  usually  increases  as  Q2.  Therefore,  the 
resonator  flicker-noise  contribution  is  independent  of  the 
Q.  Since  the  flicker  noise  is  not  well  understood 
theoretically,  it  must  be  determined  empirically.  We  can 
make  reasonable  estimates  for  the  amplifier,  but  for  the 
resonator  we  must  rely  on  experimentally  determined 
values.  Our  projections  of  phase  noise  that  follow 
assume  that  the  contribution  to  the  flicker  noise  from  the 
resonator  is  small  compared  to  that  from  the  amplifier. 
The  phase  noise  at  offsets  of  less  than  about  5  kHz  is 
dominated  by  the  flicker  noise.  If  the  flicker  noise 
contribution  of  the  superconducting  resonator  is  larger 
than  that  of  the  amplifier,  then  the  actual  phase  noise  will 
be  greater  than  the  following  predictions. 

To  project  the  phase  noise  of  an  oscillator  operating 
at  10  GHz,  we  have  made  a  set  of  assumptions,  presented 
in  the  following.  We  assume  that  the  resonator  and 
amplifier  are  at  77  K  and  room  temperature,  respectively, 
and  that  the  Rs  of  the  YBa2Cu3(>7.x  is  10  '*  Q  at  10  GHz 
and  77  K.  We  also  assume  a  modified  stripline  resonator 
design  that  is  optimized  for  high-Q  operation  by  using  a 
line  of  2-mm  width  rather  than  the  150-jim  width  used  in 
the  resonators  for  film  characterization.  This  choice  of 
linewidth  yields  a  calculated  Q  of  105  for  our  assumed  Rs  - 
(To  calculate  the  Q,  we  used  the  incremental  inductance 
technique  discussed  in  Ref.  5.)  We  assume  an  insertion 
loss  of  15  dB  and  an  amplifier  noise  figure  of  3  dB.  For 
this  calculation  we  have  assumed  a  loop  power  level  of 
-^20  dBm.  This  is  a  high  power  level  for  high-Q 
operation  of  the  high-Tc  materials,  and  in  reality  we 
might  need  to  reduce  the  power  to  approximately 
+  10  dBm,  which  would  imply  an  internal  rf  current  of 
about  3  A.  On  the  150-Bm-wide  line  used  for  the 
measurements  shown  in  Fig.  4,  a  current  of  0.3  A  at  low 
temperature  produces  a  small  increase  in  Rs.  However,  as 
will  be  seen,  the  exact  value  of  power  chosen  does  not 
strongly  influence  the  conclusions  drawn  from  the 
projections.  We  also  assume  that  losses  in  the  dielectric 
substrate  are  negligible. 
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The  value  of  a  assumed  for  the  projections  is 
5  X  10- '3,  which  corresponds  to  a  1-Hz  intercept  of 
-130  dBc/Hz  in  an  open-loop  configuration.  While  this 
is  smaller  by  10  dB  than  the  value  normally  achieved  in 
the  best  GaAs  FET  amplifiers,  there  are  indications  that 
Si  permeable  base  transistors  should  be  able  to  provide 
this  level  of  performance.'  •  The  use  of  this  value  of  a 
in  the  phase-noise  projections  assumes  that  llie  resonator 
will  not  contribute  to  the  oscillator  flicker  noise.  This 
assumption  may  be  wrong  as  we  will  discuss  later.  At 
present,  outside  of  our  own  measurements  (presented  in 
Ref.  7  and  here),  there  are  no  published  values  of 
superconductor  flicker  noise.  Figure  5  shows  the  results 
of  the  projections  using  Leeson's  model  with  the  various 
a.ssumptions  made  here.  Also  shown  in  Fig.  5  are  values 
of  phase  noise  for  state-of-the-art  quartz  oscillators  and  for 
the  best  reported  oscillators  stabilized  by  surface  acoustic 
wave  (SAW)  resonators.' 2  Clearly,  with  our 
assumptions,  the  superconducting  oscillator  provides 
lower  noise  than  the  other  low-noise  oscillators  over  the 
range  of  offset  frequencies  important  to  Doppler  radar 
applications.  An  added  important  advantage  of  the 
superconducting  oscillator  over  the  others  is  direct 
operation  at  X-band  without  multiplier  stages,  resulting 
in  considerable  savings  in  size,  weight,  and  power. 

The  power  in  the  oscillator  loop  only  affects  the 
pha.se  noise  at  offset  frequencies  greater  than  100  kHz, 
where  the  superconductor  shows  a  large  advantage  over 
the  other  technologies.  Reduction  of  the  operating  power 
by  10  dB  would  not  appreciably  lessen  the  advantages  of 
the  superconductor-stabilized  oscillator. 


Figure  5.  Results  of  phase  noise  projections  for  a 
supcrconducting-resonator-slabilized  oscillator  operating 
at  10  GHz,  neglecting  flicker  noise  in  the  supercon¬ 
ducting  resonator.  Parameters  used  in  the  projection  arc 
given  in  the  text.  Also  shown  for  comparison  are  results 
for  a  10-MHz  quartz-crystal  oscillator  and  a  500-MHz 
SA  W-rcsonator-stabilized  oscillator  after  multiplication  to 
10  GHz. 


Filters 

To  demonstrate  the  potential  performance  benefits  of 
high-Tc  materials  in  filter  technology,  we  chose  for 
implementation  in  YBa2Cu3C)7.x  a  four-pole  Chebyshev 
bandpass  design,  using  microstrip  geometry,  with  1.3% 
bandwidth,  0.05-dB  passband  ripple,  and  4.8-GHz  center 
frequency.  Figure  6  shows  the  layout  of  the  filter.  It 
was  designed  using  an  iterative  technique' ^  and  was 
initially  fabricated  using  gold  signal  lines  on  a  SOO-pm- 
thick  LaAlOs  substrate.  LaAlOa  is  the  n.ost  frequently 
used  substrate  material  for  YBa2Cu307.x,  because  it  has 
low  losses  at  microwave  frequencies  and  because  high- 
quality  thin  films  can  be  grown  epitaxially  on  its  polished 
surface.  However,  the  dielectric  constant  (Cr  =  24)  is 
larger  than  that  which  typical  microwave  circuit  design 
software  can  treat  with  accuracy,  necessitating  the  iterative 
design  technique  using  gold  metallization.  The  filter  was 
fabricated  in  a  microstrip  configuration  consisting  of  a 
YBa2Cu307.x  signal  line  and  a  silver  ground  plane  on 
opposite  sides  of  a  single  1.3  x  2.3-cm  substrate.  The 
YBa2Cu307.x  film  in  the  filter  was  0.3  pm  thick.  A 
silver  ground  plane  does  not  appreciably  affect  the 
performance  of  the  filter  because  the  losses  of  the 
patterned  stripline  dominate  those  of  the  ground  plane. 
The  current  is  much  more  strongly  concentrated  in  thin 
patterned  lines  than  in  the  unpattemed  ground  plane. 


287  pm 

-Tunuflr 

165  pm 
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Figure  6.  Four-pole  microstrip  filie.  design  for  operation 
at  4.8  GHz  with  a  1.3%  bandwidth. 

The  filter  was  patterned  by  standard  photolithographic 
techniques  using  positive  photoresist  and  by  wet  etching 
using  dilute  phosphoric  acid.  To  make  electrical  contact 
to  the  YBa2Cu3C)7.x,  silver  bonding  pads  were  deposited 
by  electron-beam  evaporation  and  annealed  at  400  ’C  for 
I  h.  Ultrasonically  bonded  aluminum  ribbons  were 
used  to  connect  the  bonding  pads  to  Wiltron-K 
connectors.  The  filler  was  mounted  in  a  hermetically 
scaled  package.  The  filter  and  package  have  been  qualified 
for  use  in  space  in  the  Naval  Research  Laboratory  High 
Temperature  Superconductivity  Space  Experiment.''* 
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Filler  Pcrfomiance 

The  frequency  response  of  the  filler  measured  ai 
77  K  is  shown  in  Fig.  7  along  with  the  measured 
responses  of  identical  designs,  also  on  LaA103  substrates, 
fabricated  from  silver  measured  at  77  K  and  gold  measured 
at  300  K.  The  thickness  of  the  metals  of  both  of  the 
normal-metal  filters  was  several  skin  depths.  The 
YBa2Cu307.x  filter  clearly  shows  superior  performance 
because  of  the  lower  Rs  of  the  superconductor  film. 
Passband  insertion  loss  of  the  YBa2Cu307.x  filter  is 
0.5  dB,  which  agrees  well  with  the  calculated  response 
and  is  due  entirely  to  the  Rj  of  the  material.  The  filter 
fabricated  from  the  silver  film  has  a  loss  of  6  dB  at  77  K, 
which  can  also  be  attributed  to  the  losses  in  the  metal. 
The  filler  made  with  gold  film  shows  a  12-dB  loss.  The 
advantage  of  the  superconducting  filters  over  normal- 
metal  fillers  becomes  substantially  greater  with  narrower 
passbands.  For  example,  calculations  indicate  that  a  ten- 
pole  filler  with  a  center  frequency  of  4  GHz  would  exhibit 
a  1-dB  insertion  loss  when  implemented  with 
YBa2Cu307.x  of  quality  identical  to  these  films,  while  a 
silver  filler  at  77  K  would  have  more  than  10  dB  of  loss. 


Figure  7.  Measured  filter  response  of  the  design  shown 
in  Fig.  6  fabricated  from  gold  (measured  at  300  K),  silver 
(measured  at  77  K),  and  YBa2Cu307.x  (measured  at 
77  K). 


Measurement  of  Intermodulation  Distortion  and  Noise 

As  we  have  demonstrated  by  our  measurements,  the 
Rs  of  the  YBa2Cu3C>7.x  films  is  nonlinear  so  that  effects 
such  as  IM  distortion  must  be  considered.  Figure  8 
shows  the  results  of  measurement  of  the  IM  products  in 
one  of  the  fillers  of  a  design  identical  to  that  shown  in 
Fig.  6  but  having  a  2.7-dB  insertion  loss  due  to  an 
impedance  mismatch  at  one  of  the  input  ports.  The 
measurements  shown  were  itot  corrected  for  approximately 
1  dB  of  probe  loss.  These  results  were  obtained  by  a 
standard  two-tone  IM  measurement,  in  which  two 
frequencies  f)  and  f2  are  applied  to  the  input  of  the  filter 
and  third-order  products  such  as  2fi  -f2  are  observed  in  a 
spectrum  analyzer  at  the  output.  As  expected,  the  third- 
order  products  are  proportional  to  the  cube  of  the  input 
power  and  show  a  slope  of  3  on  the  log-log  plot  while  the 
fundamental  shows  a  slope  of  1.  The  intersection  of  the 
slope  3  and  slope  1  lines  is  the  third-order  intercept  (TOl) 
and  is  the  parameter  normally  used  to  characterize  the  IM 
distortion.  The  TOI  is  approximately  +25  dBm  at  77  K. 
This  implies  that  at  normal  operating  power  levels  of  -10 
to  0  dBm  the  IM  products  will  be  more  than  50  dB  below 
the  main  signal.  This  is  sufficient  suppression  for  most 
system  applications.  Operation  at  higher  power  levels, 
however,  requires  that  IM  distortion  be  considered. 


Figure  8.  Results  of  two-tone  intermodulation-producl 
measurements  for  the  filter  design  in  Fig.  6.  Shown  are 
the  fundamental  and  the  third-order  intermodulation 
product.  Measurements  were  done  at  77  K  and  4.8  GHz 
with  lone  separation  of  1  MHz. 
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Also  evident  in  Fig.  8  is  the  onset  of  saturation  of 
the  output  of  the  fundamental  at  input  power  between 
+  15  and  +20  dBm.  This  is  a  result  of  the  increase  in 
at  high  levels  of  rf  current.  We  have  observed 
substantially  higher  IM  products,  saturation  at  much 
lower  input  power,  and  much  lower  power  TOI  in  fillers 
fabricated  with  films  that  showed  larger  levels  of  rf 
magnetic  field  dependence  in  the  Rs.  The  TOI  of 
+25  dBm  observed  here  must  be  understood  as  that  of  a 
high-quality  film  and  will  not  necessarily  hold  for  films 
of  lower  quality.  IM  measurements  in  resonators  have 
been  reported  previously  by  us. '5 

Figure  9  shows  results  of  phase  noise  measurements 
in  the  bandpass  filler,  which  were  made  using  the  standard 
bridge  technique  of  splitting  a  synthesizer  output  signal, 
passing  one  arm  through  the  device  under  lest,  and 
combining  the  two  signals  with  a  7c/2  phase  shift  in  a 
mixer. >6  The  measurements  were  done  at  77  K  and 
4.8  GHz.  Plotted  is  the  single-sideband  phase  noise  (in 
dBc/Hz)  vs  frequency  offset  from  the  carrier  (in  Hz).  The 
lower  curve  shows  the  system  noise  floor,  which  is 
dominated  by  the  amplitude  modulation  noi.se  of  the  low- 
noise  synthesizer.  The  upper  curve  is  the  filter  phase 
noise.  It  shows  the  usual  1/f  dependence.  The  rise  in 
noise  at  offset  frequencies  greater  than  1  MHz  is  due  to 
the  decorrelation  of  the  source  phase  noise  resulting  from 
unequal  delays  in  the  two  arms  of  the  bridge  setup  used 
for  the  measurements.  The  slight  bump  in  phase  noise  at 
about  400  kHz  is  not  understood.  The  1-Hz  intercept  of 
-110  dBc/Hz  is  somewhat  higher  than  expected  but  still 
small  enough  that  there  should  be  no  impact  in  a  real 
communication  system,  which  is  the  intended  application 
of  this  filter.  No  measurable  white  noise  is  generated  in 
the  filter  as  would  be  noted  by  a  rise  in  the  noise  floor  at 
large  offset  frequencies. 


OFFSET  FREQUENCY  (Hz) 


Figure  9.  Measurements  of  single-sideband  phase  noise 
of  the  filler  in  Fig.  8.  Shown  are  the  system  noise  floor 
(lower  curve)  and  the  filter  noise  (upper  curve). 
Measurements  were  done  at  77  K  and  4.8  GHz. 


Figure  10  shows  the  measurements  of  phase  noise  in 
the  YBa2Cu307.x  resonator  used  to  carry  out  the  Rs 
measurements  of  Fig.  2.  The  measurements  were  done  at 
4  K  and  1.5  GHz.  Input  power  was  approximately 
-20  dBm  and  the  resonator  Q  was  10^ .  Because  of  the 
low  input  power  and  the  30-dB  insertion  loss  of  the 
resonator,  the  system  noise  floor  is  -130  dBcAlz  as  shown 
at  large  offset  frequencies  in  Fig.  10.  The  system  1/f 
noise  is  not  observable  at  this  frequency  with  this  noise 
floor.  The  measurements  appear  to  contain  effects  due  to 
vibration.  We  know  that  the  present  design  of  the 
resonator  package  is  sensitive  to  vibration.  However,  one 
can  discern  a  1/f  trend  in  the  data  at  offset  frequencies 
lower  than  1  kHz.  We  believe  that  the  peak  at  1  kHz  is 
due  to  a  collection  of  unresolved  spurious  peaks  resulting 
from  power-line  interference  and  is  not  associated  with  the 
resonator.  The  1/f  line  drawn  on  the  figure  indicates  a 
1-Hz  intercept  of  -100  dBc/Hz.  This  is  30  dB  greater  than 
the  value  assumed  for  the  phase-noise  projections  made 
above,  and  if  such  a  value  were  used  it  would  seriously 
degrade  the  results  of  those  projections  for  small  offset 
frequencies. 
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Figure  10.  Measurements  of  phase  noise  of  the 
YBa2Cu30  7.x  resonator  used  to  make  the  Rs 
measurements.  The  resonator  Q  =  10^.  Measurements 
were  done  at  4.2  K  and  1.5  GHz  with  -20-dBm  input 
power.  The  1/f  line  drawn  on  the  figure  indicates  a  1-Hz 
intercept  of  - 100  dBc/Hz. 

These  results  of  resonator  phase  noise  should  be 
considered  preliminary.  More  films  must  be  measured  to 
dclcrmmc  if  this  1/f  noise  performance  is  typical  of  the 
high-Tc  materials.  Investigations  of  the  dependence  of  1/f 
noise  on  film  fabrication  and  photolithography  must  also 
be  undertaken. 
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Summary 

Measurements  of  surface  resistance  of  high-quality 
YBa2Cu307.x  thin  films  have  been  carried  out  using  a 
slripline  resonator.  The  film  quality  is  comparable  to  the 
best  that  has  been  reported  to  date  in  patterned  thin 
films,  with  an  Rs  more  than  10  times  better  than  that 
in  copper  at  10  GHz  and  77  K.  The  films  are  capable  of 
handling  the  amounts  of  rf  magnetic  field  and  power 
encountered  in  many  practical  devices. 

Narrow-bandpass  filters  fabricated  from  the 
YBa2Cu307.x  films  show  nearly  ideal  performance  with 
losses  significantly  lower  than  those  of  filters  fabricated 
with  normal  metals.  The  IM  distortion  and  noise  levels 
measured  in  the  filters  show  that  both  are  low  enough 
that  there  would  be  no  degradation  of  system  performance 
using  the  superconducting  filters.  These  filters  were 
designed  to  replace  conventional  dielectrically  loaded 
cavity  filters  currently  used  in  satellite  communication 
systems.  Use  of  the  superconducting  filters  would 
provide  very  significant  savings  of  size  and  weight  in 
such  a  satellite.  For  a  system  with  50  superconducting 
filters  the  weight  reduction,  even  when  the  refrigeration 
unit  for  the  filters  is  included,  would  be  approximately 
50%. 

Projections  of  the  phase  noise  of  oscillators 
stabilized  with  high-Q  superconducting  resonators  indicate 
that  improvement  of  up  to  20  dB  is  possible.  Noise 
measurements  in  the  resonators  indicate  that  the  flicker 
noise  might  be  large  enough  that  oscillator  performance 
would  not  reach  that  of  the  projections.  Modifications  in 
the  resonator  packaging  and  design  will  be  investigated  in 
order  to  understand  the  origins  of  the  flicker  noise  in 
resonators. 

Acknowledgment 

Wc  thank  P.M.  Mankiewich  of  AT  &  T  Bell  Laboratories 
for  some  of  the  films  used  for  development  of  the  filters. 
Wc  thank  J.M.  Hamm,  R.P.  Konieezka,  R.S.  Tompkins, 
and  S.A.  Ladd  for  device  fabrication.  We  also  thank 
G.L.  Filch  for  computer  processing. 

References 

[1]  W.G.  Lyons,  R.R.  Bonetti,  A.E.  Williams,  P.M. 
Mankiewich,  M.L.  O’Malley,  Alfredo  C.  Anderson, 
R.S.  Withers,  and  R.E.  Howard,  "High-Tc 
Superconducting  Microwave  Filters,"  IEEE  Trans. 
Maen..  vol.  27,  pp.  2537-2539,  March  1991. 

[2]  W.G.  Lyons,  R.S.  Withers,  J.M.  Hamm,  Alfredo  C. 
Anderson,  P.M.  Mankiewich,  M.L.  O'Malley,  and 
R.E.  Howard,  "High-T,.  Superconductive  Delay  Line 
Structures  and  Signal  Conditioning  Networks,"  IEEE 
Trans.  Maen..  vol.  27,  pp.  2932-2935,  March  1991. 


13)  D.M.  Sheen,  S.M.  Ali,  D.E.  Oates,  R.S.  Withers, 
and  J.A.  Kong,  "Current  Distribution  for 
Superconducting  Strip  Transmission  Lines,"  IEEE 
Trans.  Appl.  Superconduct.,  vol.  1,  pp.  108-115, 
June  1991. 

[4]  A.C.  Westerheim,  L.S.  Yu-Jahnes,  and  Alfredo  C. 
Anderson,  "Off-Axis  Magnetron  Sputtering  on 
YBCO  Films;  The  Influence  of  Aiou  Oxygen," 
IEEE  Trans.  Magn..  vol.  27,  pp.  1001-1UU5.  March 
1991. 

[5]  D.E.  Oates,  P.M.  Mankiewich,  and  Alfredo  C. 
Anderson,  "Measurements  of  the  Surface  Impedance 
of  YBa2Cu307.x  Thin  Films  Using  Slripline 
Resonators,"  J.  Sunerconduct..  vol.  3,  pp.  251-259, 
1990. 

[6]  H.  Piel  and  G.  Miiiler,  "The  Microwave  Surface 
Impedance  of  High-Tc  Superconductors,"  IEEE 
Trans.  Magn..  vol.  27,  pp.  854-862,  March  1991. 

[7]  D.E.  Oates  and  Alfredo  C.  Anderson,  "Surface 
Impedance  Measurements  of  YBa2Cu307.x  Thin 
Films  in  Slripline  Resonators,"  IEEE  Trans. 
Magn..  vol.  27,  pp.  867-871,  March  1991,  and 
references  therein. 

[8]  D.E.  Oates,  C.C.  Chin,  G.  Dresselhaus,  and  M.S. 
Drcsscihaus  (unpublished). 

[9]  D.E.  Oates,  Alfredo  C.  Anderson,  and  B.H.  Shih, 
"Superconducting  Resonators  and  High-Tg 
Materials,"  in  1989  MTT-S  Digest,  pp.  627-630, 

1989. 

[101  D.B.  Leeson,  "Short-Term  Stable  Microwave 
Sources,"  Microwave  J..  vol.  13,  p.  59,  1990. 

[11]  D.E.  Oates  and  D.  Raihman  (unpublished). 

[12]  G.K.  Monircss,  T.E.  Parker,  and  M.J.  Laboda, 
"Extremely  Low  Phase  Noise  SAW  Resonator 
Oscillator  Design  and  Performance,"  in  Pracedines 
of  the  1987  Ultrasonics  Symposium,  pp.  47-52, 
1987. 

[13]  R.R.  Bonetti  and  A.E.  Williams,  "Preliminary 
Design  Steps  for  Thin-Film  Superconducting 
Filters,"  in  1990  MTT-S  Digest,  pp.  273-277, 

1990. 

[14]  J.C.  Ritter,  M.  Nisenoff,  G.  Price,  and  S.A.  Wolf, 
"High  Temperature  Superconductivity  Space 
Experiment  (HTSSE),"  IEEE  Trans.  Maen.. 
vol.  27,  pp.  2533-2536,  March  1991. 

[15]  D.E.  Oates,  Alfredo  C.  Anderson,  D.M.  Sheen,  and 
S.M.  Ali,  "Stripline  Resonator  Measurements  of  Zj 
vs  H,f  in  YBa2Cu307.x  Thin  Films,"  to  be 
published  in  IEEE  Trank  MTT.  Special  Issue  on 
Applications  of  High-Tg  Superconductors,  Sept. 

1991. 

[16]  T.E.  Parker,  "Characteristics  and  Sources  of  Phase 
Noise  in  Stable  Oscillators,"  in  Proceedings  of  the 
41st  Annual  Frequency  Control  Svmtxtsium.  pp. 
99-110,  1987. 


466 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 

A  High  Tc  Superconducting  Resonator 
for  a  Compact  Hydrogen  Maser 

D.  B.  Opie,  H.  E.  Schone 

College  of  William  and  Mary,  Williamsburg,  VA  23185 

M.  Hein,  G.  Muller,  H.  Piel,  H.-P.  Schneider 
University  of  Wuppertal,  Wuppertal,  Germany 

V.  Folen,  A.  Frank,  W.  M.  Golding,  S.  Wolf 
Naval  Research  Laboratory,  Washington  D.C.,  20375 


Abstract 

The  advent  of  high  Tc  superconductors  (HTSC)  has 
made  feasible  the  application  of  superconductivity  to 
practical  microwave  devices.  The  measured  surface 
resistance,  R,,  of  the  new  HTSC  materials  is  lower 
than  that  of  copper  measured  at  the  same  tempera¬ 
ture,  77/\',  and  frequency,  1.42GHz.  An  interesting 
application  of  these  new  materials  is  the  miniaturiza¬ 
tion  of  microwave  cavity  resonators.  In  this  report  we 
describe  the  development,  testing  and  evaluation  of 
a  superconducting  compact  hydrogen  maser  resonator 
made  from  electrophoretic  Y\Ba2Cu30-!-f  (YBCO). 
This  compact  loop-gap  resonator,  based  on  a  previ¬ 
ously  suggested  maser  resonator  [1],  is  made  supercon¬ 
ducting  using  an  electrophoretic  process  developed  for 
the  deposition  of  thick  film  polycrystalline  HTSC  on 
large  non-planar  metallic  substrates.  At  77 AT  we  ob¬ 
tain  cavity  quality  factors  comparable  to  those  of  stan¬ 
dard  size,  room  temperature  TEoii  maser  resonators. 
The  fields  of  the  resonator  have  been  studied  using  nu¬ 
merical  techniques  to  determine  the  dependence  of  the 
filling  factor,  r)' ,  and  the  cavity  quality  factor,  Qc,  on 
the  geometric  parameters.  This  information  is  used  to 
optimize  the  cavity  design  with  respect  to  the  effects  of 
thermal  radiation  on  the  maaer  performance  at  77 K . 


Introduction 

The  development  of  hydrogen  masers  as  atomic  clocks 
for  space  applications  requires  that  the  size  and  weight 
of  the  maser  physics  package  be  held  to  a  minimum. 
For  these  applications  the  standard  maser  resonator, 
a  cylindrical  cavity  operated  in  the  TEqh  mode  at 


1.42GHz,  is  prohibitively  large.  A  miniaturized  res¬ 
onator  made  of  non-superconducting  material,  but 
otherwise  similar  to  the  one  described  in  this  paper, 
is  used  in  a  compact  hydrogen  maser  developed  under 
NRL  contract  by  Hughes  [2].  In  that  maser  the  tech¬ 
nique  of  Q  enhancement  or  active  feedback  is  necessary 
to  attain  sustained  oscillations  in  the  room  tempera¬ 
ture  physics  package.  The  superconducting  resonator 
described  here  was  designed  to  achieve  sustained  maser 
oscillations  at  77 K  in  a  small  package  without  the 
need  for  active  feedback.  The  use  of  YBCO  coated 
electrodes  has  made  it  possible  to  obtain  the  high  Qe 
values  necessary  for  self  oscillation  within  the  minia¬ 
turized  maser  cavity. 

Briefly,  the  operation  of  the  maser  is  as  follows: 
A  beam  of  spin  polarized  atomic  hydrogen  is  allowed 
to  enter  the  interaction  region  of  a  microwave  res¬ 
onator  which  is  tuned  to  the  hyperfine  transition  at 
1420.405MHz.  The  atoms  are  trapped  in  the  interac¬ 
tion  region  by  a  Teflon  coated  storage  bulb.  The  stor¬ 
age  bulb  increases  the  effective  observation  time  of  the 
atoms,  thus  narrowing  the  observed  atomic  linewidth. 
Collisions  with  the  wall  of  the  storage  bulb  and  spin 
exchange  collisions  between  hydrogen  atoms  limit  the 
minimum  achievable  atomic  linewidth.  Provided  that 
the  atomic  resonance  line  is  narrow  enough  and  the 
cavity  Q  is  sufficient,  maser  oscillation  is  obtained. 
The  hydrogen  maser  is  described  in  detail  elsewhere 
[3.  4]. 

In  figure  1  we  show  the  design  of  the  superconduct¬ 
ing  loop-gap  resonator.  It  consists  of  two  parts:  the 
loop-gap  electrodes,  and  the  outer  rf  shield-can.  The 
two  half  cylinders  are  the  electrodes,  which  behave  as 
inductive  elements.  The  gaps  between  the  electrodes 
act  as  capacitive  elements.  This  combined  resonant 
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Figure  1:  Schematic  of  a  compact  loop-gap  maser  res¬ 
onator  with  the  field  configuration  near  the  inner  elec¬ 
trodes  and  the  equivalent  circuit. 


structure  largely  determines  the  resonant  frequency  of 
the  cavity.  The  electrcxles  are  supported  by  two  inter¬ 
locking  teflon  cylinders  and  are  held  fixed,  in  a  concen¬ 
tric  position  inside  the  rf  shield-can.  The  rf  currents 
flow  azimuthally,  as  in  a  solenoid,  and  produce  a  near¬ 
ly  uniform  axial  rf  magnetic  field  within  the  atomic 
interaction  region,  which  is  the  cylindrical  volume  be¬ 
tween  i.he  electrodes.  The  electrode  surface  currents 
account  for  7.5%  of  the  power  losses  in  the  maser  res¬ 
onator.  The  remaining  losses  occur  on  the  surface  of 
the  rf  shield-can  and  in  the  teflon  support  material. 
To  reduce  the  dielectric  losses,  the  teflon  material  has 
been  removed  from  the  high  electric  field  regions  near 
the  4mm  wide  electrode  gaps. 

The  rf  shield-can  is  constructed  from  OFHC  cop¬ 
per  and  also  serves  as  the  vacuum  container.  Both 
the  inner  diameter  and  the  length  of  the  electrcxles 
are  5.0cm.  The  rf  shield-can  diameter  and  length  are 
both  7.5cm  producing  a  cavity  volume  of  331cm^.  The 
loop-gap  re.sonator  has  only  1.5%  of  the  volume  of  the 
standard  maser  resonator. 


The  stability  of  an  atomic  frequency  standard  is 
measured  by  the  square  root  of  the  Allan  variance  of 
fractional  frequency  fluctuations,  ffyir),  where  r  is  the 
sampling  time  of  the  measurement  [5].  The  frequen¬ 
cy  fluctuations  may  be  divided  into  two  classes:  sys¬ 
tematic  and  random  [6],  Systematic  fluctuations  are 
dependent  on  the  quality  of  the  isolation  between  the 
oscillator  and  the  environment.  Temperature  changes, 
mechanical  vibrations,  and  changes  in  the  dc  magnetic 
field  are  disturbances  which  cause  systematic  fluctua¬ 
tions.  Random  fluctuations  are  due  to  fundamental 
noise  processes  such  as  the  thermal  radiation  within 
the  microwave  cavity  and  the  thermal  noise  added  by 
amplifiers. 

It  is  difficult  to  predict  the  stability  limitations  due 
to  systematic  effects.  However,  the  portion  of  <Ty(r) 
that  is  limited  by  the  cavity  thermal  noise  within  the 
atomic  linewidth,  which  we  call  eri(r),  is  predictable. 
The  cavity  design  is  optimized  for  minimum  rr/(r). 


Electrophoresis 


Electrophoresis  is  the  migration  of  charged  particles 
under  the  influence  of  an  applied  electric  field.  It  is 
used  to  coat  the  electrcxle  structure  of  the  loop-gap 
resonator  with  YBCO.  The  electrophoretic  process  al¬ 
lows  for  greater  flexibility  in  the  size  and  shape  of  the 
substrate  than  thin  film  deposition  techniques.  In  this 
process  grains  of  YBCO  powder  are  colloidally  sus¬ 
pended  in  a  polar  medium  (for  example,  acetone  or 
butanol)  producing  a  positive  surface  charge  on  each 
grain.  Under  the  influence  of  an  applied  electric  field, 
these  grains  will  move  towards  the  negatively  charged 
cathode,  depositing  themselves  on  its  surface.  This  de¬ 
position  process  has  been  described  in  detail  elsewhere 

[7]. 


The  first  step  towards  developing  a  fully  supercon¬ 
ducting  loop-gap  resonator  is  covering  silver  electrode 
half  cylinders  electrophoretically  with  a  20/im  poly¬ 
crystalline  layer  of  YBCO.  The  deposition  structure 
consisting  of  the  silver  substrate  and  the  anode  are 
immersed  in  the  YBCO  solution.  A  voltage  is  applied 
between  the  electrodes  (figure  2)  for  30  to  60  seconds 
to  achieve  a  5  to  10  /im  thick  layer.  It  is  preferable 
to  have  the  c  axis  of  the  YBCO  crystal  oriented  per¬ 
pendicular  to  the  direction  of  the  current  flow  because 
of  the  anisotropic  current  carrying  properties  of  the 
YBCO.  To  achieve  this  orientation,  the  deposition  is 
done  in  a  7  Tesla  applied  magnetic  field.  Due  to  the 
magnetic  anisotropy  in  the  room  temperature  YBCO 
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Figure  2:  Diagram  of  an  electrophoretic  deposition  set¬ 
up  for  the  fabrication  of  textured  thick  films  of  the 
YBCO  material. 


grains,  the  YBCO  is  deposited  with  the  c  axis  parallel 
to  the  direction  of  the  applied  magnetic  field.  The  sub¬ 
strate  and  film  are  post  annealed  at  in  flowing 

oxygen  for  approximately  120  hours.  This  magnetic 
texturing  technique  yields  lower  R,  values  than  ran¬ 
domly  oriented  YBCO  thick  film  samples. 

Several  pairs  of  superconducting  electrodes  have 
been  made  by  this  procedure.  These  electrodes  have 
nearly  200cm^  of  non-planar  surface  area.  The  sur¬ 
face  resistance  dependence  on  temperature  is  plotted 
in  figure  3.  At  1.42GHz  and  77K,  the  surface  resis¬ 
tance  is  about  ImQ,  while  the  residual  resistance  mea¬ 
sured  at  4/\'  is  less  than  lOO/rfl.  The  measured  Qc  of 
the  superconducting  resonator  at  77 K  is  30,000  which 
is  sufficient  for  maser  oscillation  in  a  compact  maser 
without  the  need  for  Q-enhancement.  An  identical  res¬ 
onator  built  using  copper  electrodes  and  operated  at 
77 K  would  have  a  Qf.  of  12,000  and  require  external 
feedback  to  provide  Q-enhancement  for  oscillation. 


The  Loop-gap  Resonator 


The  loop-gap  resonator  is  a  variation  of  the  magnetron 
resonator  which  originated  as  early  as  1935  [8].  The 
applications  and  characteristics  of  the  loop-gap  design 
have  been  discussed  in  more  than  15  articles  over  the 
past  decade.  Applications  for  this  design  are  found  in 
nuclear  magnetic  resonance,  electron  spin  resonance, 
radar,  and  maser  spectroscopy  at  frequencies  from 


200M}Izto  llGHz.  The  compact  hydrogen  maser  res¬ 
onator  using  the  lumped  element  loop-gap  design  was 
originally  suggested  by  H.  E.  Peters  [1]. 

Empirical  relations  for  the  frequency  and  quality 
factor  can  be  obtained  as  a  function  of  resonator  geom¬ 
etry.  No  analytic  solution  for  this  resonant  mode  exist- 
s.  Recently,  a  technique  [9]  was  developed  to  approx¬ 
imate  the  fields  inside  and  outside  the  electrodes.  It 
yields  considerable  agreement  between  measured  and 
calculated  values  of  the  fields  away  from  the  electrodes. 
However  this  technique  ignores  the  greatly  enhanced 
field  density  at  the  edges  of  the  electrodes.  Without 
accounting  for  these  enhanced  fields  incorrect  values 
of  R,  are  obtained  for  the  YBCO  electrodes.  More¬ 
over,  the  filling  factor  of  the  maser  resonator  cannot 
be  calculated  properly  without  first  understanding  this 
effect. 

It  should  be  noted  that,  although  the  current  distri¬ 
bution  on  the  surface  of  the  electrodes  is  solenoidal,  the 
classical  picture  of  a  solenoid  is  an  inadequate  approx¬ 
imation.  Since  a  solenoid  has  flux  lines  that  can  close 
through  its  body,  the  high  frequency  boundary  condi¬ 
tions  in  the  loop-gap  will  force  all  flux  lines  to  close 
around  the  ends  of  the  conductor  and  not  through  the 
ele'.trode  surfaces  resulting  in  a  substantially  differ¬ 
ent  distribution  of  currents. 

The  loop-gap  resonator  is  analogous  to  the  shielded 
stripline  which  is  a  coaxial  transmission  line  of  rectan¬ 
gular  cross  section.  It  is  also  similar  to  the  microstrip 
transmission  line.  The  relations  between  these  three 
models  are  depicted  in  figure  4.  The  currents  and  the 
fields  for  the  three  similar  structures  can  be  described 
as  TEM.  The  gf.ymetry  of  the  loop-  gap  can  be  ob¬ 
tained  from  the  shielded  stripline  geometry  by  rotating 
the  cross  section  of  the  stripline  about  the  horizontal 
axis  and  letting  the  radius  of  the  ground  plane  go  to 
zero.  The  axis  of  rotation  becomes  the  z  —  axis  of  the 
loop-gap  resonator  and  the  center  conductor  of  the 
stripline  becomes  the  electrode  structure  of  resonator. 

The  boundary  conditions  for  the  loop-gap  res¬ 
onator  are  the  same  as  those  of  the  shielded  stripline. 
The  rf  magnetic  field  distribution  of  the  loop-gap  cav¬ 
ity  is  equivalent  to  the  resonant  magnetic  field  of  the 
shielded  stripline.  The  magnetic  field  encircles  the 
electrodes  as  the  equivalent  field  encircles  the  center 
conductor  of  the  stripline.  The  electrode  gaps  may  be 
neglected  due  to  the  displacement  currents  in  the  re¬ 
gion  of  the  gap.  For  the  range  of  frequencies  considered 
the  fields  are  TEM  and  propagating  in  the  azimuthal 
direction  between  the  electrodes  and  the  rf  shield. 
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Figure  3:  The  temperature  dependerrce  of  the  surface 
resistance  of  the  inner  electrodes  in  the  maser  cavity 
measured  at  1.42GHz. 


Figure  4:  Diagram  of  the  microstrip,  shielded  stripline, 
and  the  maser  resonator  to  illustrate  the  analogy  be¬ 
tween  the  three  structures.  TEM  magnetic  field  flux 
lines  are  shown  to  be  similar  for  each  case 


Distribution  of  Currents  on  Electrode 


Figure  5:  Distribution  of  the  currents  calculated  along 
the  i  axis  using  three  different  methods:  {A)  confor¬ 
mal  mapping,  (B)  Green’s  function,  (C)  finite  element 
calculation. 

Many  attempts  have  been  made  to  solve  for  the 
fields  around  a  sirip  conductor.  The  difficulty  in  find¬ 
ing  a  solution  to  this  family  of  problems  is  due  to  the 
singularities  at  the  sharp  metal  corners  of  the  finite 
inner  conductor.  However,  the  assumption  that  the 
conductor  is  infinitely  thin  has  led  to  solutions  that 
give  qualitative  descriptions  of  the  fields  and  currents 
in  limited  cases. 

As  mentioned  above,  all  of  the  geometries  in  this 
class  of  problems  provide  current  distributions  that 
are  not  constant  along  the  strip  (loop-gap  electrodes) 
width.  Specifically,  the  current  density  increases 
sharply  at  the  conductor  edges  [10,  11,  12,  13].  This 
is  true  so  long  as  the  fields  are  considered  to  be  in 
the  “quasi-static”  limit;  the  fields  are  TEM  and  the 
dimensions  cf  the  strip  conductor  are  small  compared 
to  the  wavelength.  In  this  quasi-static  limit,  the  cur¬ 
rent  distribution  is  related  to  the  distribution  of  excess 
static  charge  placed  on  the  isolated  strip  conductor. 

The  relation  for  the  currents  on  the  microst'ip  is 

l4,{z)  =  V(r{z)  (1) 

where  v  is  the  phase  velocity  and  <t(z)  is  the  static 
charge  distribution.  The  solution  for  an  infinitely  thin 
isolated  conducting  strip  above  a  ground  plane  was 
derived  by  Maxwell  [13].  He  found  that  by  using  a 
conformal  mapping  technique,  the  static  charge  distri¬ 
bution  on  an  infinitely  thin  conducting  sheet  above  a 
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Profile  of  Field  Energy  Along  z  Axis  (MAFIA) 


Figure  6:  Profile  of  the  magnetic  field  energy  along  the 
i  axis  where  r  =  0  showing  the  solenoidal  field  profile 
within  the  interaction  region  of  the  cavity. 

ground  plane  is  given  by 

(2) 

where  I  is  the  width  of  the  strip  conductor  and  z  is  the 
point  along  the  strip  where  the  charge  is  evaluated. 
In  this  solution  the  current  distribution  is  infinite  but 
integrabie  at  the  conductor  edges.  A  more  realistic  so¬ 
lution  is  found  by  using  a  Green  function  method  [11]. 
The  Green  function  and  conformal  mapping  solutions 
are  plotted  in  figure  5.  Both  of  these  solutions  have 
the  same  general  behavior;  uniform  current  distribu¬ 
tion  in  the  center  of  the  strip,  and  a  sharp  increase  at 
the  edges.  For  the  shielded  stripline,  the  edge  currents 
on  the  strip  are  further  increased  by  the  existence  of 
images  in  the  shield  wall  [10].  This  is  similar  to  what 
occurs  in  electrostatic  image  problems. 

A  three  dimensional  finite  difference  code,  called 
MAFIA,  was  used  to  investigate  the  fields  in  the  loop- 
gap  resonator.  Plots  of  the  magnetic  and  electric  fields 
from  MAFIA  confirm  the  qualitative  field  descriptions 
reported  in  other  loop-gap  papers.  As  expected,  the 
electric  field  is  concentrated  in  the  gap  regions,  and 
the  magnetic  fields  are  generally  in  the  axial  direction 
within  the  interaction  region  of  the  maser  cavity.  Fig¬ 
ure  6  is  a  plot  of  the  rf  magnetic  field  in  the  center 
of  the  cavity  (r  =  0)  from  z  =  0  up  to  the  shield-can 
endplate,  where  z  =  L/2.  This  axial  profile  is  very  sim¬ 
ilar  to  the  static  fields  of  a  dc  solenoid  and  its  image 


Figure  7:  Plot  of  the  field  energy  in  the  r  —  z  plane. 
The  peaks  in  the  energy  distribution  are  located  at  the 
upper  and  lower  edges  of  the  electrodes.  The  relative 
magnitude  of  the  fields  in  figure  6  are  nearly  too  small 
to  be  seen  on  the  scale  appropriate  to  the  peak  field 
values. 

which  is  required  to  satisfy  the  boundary  conditions  at 
the  endplates.  However,  in  the  regions  near  the  elec¬ 
trodes,  differences  in  the  solenoid  loop-gap  comparison 
arise  from  the  high  frequency  boundary  conditions  on 
the  electrode  surfaces.  The  current  is  distributed  to 
satisfy  these  boundary  conditions  as  shown  in  figure 
5.  Figure  7  shows  the  profile  of  magnetic  field  energy 
across  the  r,  z  plane,  where  0  <  r  <  i?.  The  enhance¬ 
ment  of  the  magnetic  field  energy  at  the  edges  of  the 
electrodes  is  as  expected,  and  is  in  agreement  with  the 
stripline  analogy. 

The  filling  factor  and  the  distribution  of  power  loss¬ 
es  in  the  resonator  cannot  be  accurately  calculated 
without  knowing  the  fields.  The  filling  factor  is  de¬ 
fined  as 

I  _  <  Hi 

^  <  i/2  ^  > 

This  is  the  ratio  of  the  energy  that  stimulates  the  hy¬ 
drogen  transition  to  the  total  energy  in  the  cavity.  The 
approximation  that  the  fields  are  uniform  in  the  region 
of  the  electrode  edges  produces  an  optimistically  large 
value  of  r)' .  We  obtained  a  value  of  0.39  for  t}'  using 
the  uniform  field  approximation  and  a  value  of  0.30 
using  the  results  of  the  finite  difference  code. 
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Microwave  Losses  in  the  Maser  Mode 


Figure  8:  The  surface  resistance  measured  for  the  su¬ 
perconducting  electrodes  as  a  function  of  the  maxi¬ 
mum  rf  magnetic  field  on  the  surface  of  the  electrodes. 
The  expected  behavior  is  shown  in  the  inset  indicating 
that  at  low  input  powers  the  YBCO  behaves  as  if  there 
is  a  large  surface  field. 

The  current  distribution  on  the  electrodes  and  on 
the  surfaces  of  the  shield-can  vary  in  the  same  qualita¬ 
tive  manner  as  in  the  shielded  stripline.  As  the  edges  of 
the  electrode  conductor  are  moved  closer  to  the  shield 
surfaces,  the  currents  increase  due  to  the  image  cur¬ 
rents  on  the  shielding  surfaces  [1 1].  This  change  in  the 
current  distribution  increases  the  local  field  energy  and 
thereby  reduces  the  fraction  of  total  magnetic  energy 
in  the  interaction  region.  The  effect  that  this  has  on 
Qc  and  rj'  has  been  studied  numerically.  The  produc- 
t  Tj'Qe  has  a  maximum  where  the  electrode  radius  is 
about  half  of  the  shield-can  radius  and  the  electrode 
length  is  about  80%  of  the  shield-can  length. 

Measuring  the  surface  resistance  in  the  YBCO  su¬ 
perconducting  resonator  is  complicated  by  the  elec¬ 
trode  current  distribution.  It  has  been  shown  that  the 
R,  of  polycrystalline  YBCO  is  dependent  on  the  mag¬ 
nitude  of  the  rf  magnetic  fields  at  the  surface  [14]. 

The  expected  behavior  for  a  cavity  that  does  not 
have  the  unique  field  and  current  distribution  shown 
in  figure  5  is  plotted  as  an  inset  in  figure  8.  R,  remains 
fairly  constant  with  increasing  surface  field  up  to  a  crit¬ 
ical  value,  then  R,  increases  sharply  with  further  in¬ 
creases  in  the  field.  Figure  8  indicates  that  for  a  broad 
range  of  rf  power  levels,  some  part  of  the  superconduct¬ 
ing  surface  in  the  loop-gap  resonator  is  experiencing 


field  values  beyond  this  critical  value,  even  though  the 
input  power  to  the  cavity  is  as  low  as  — 30d6m.  This 
effect  makes  the  characterization  of  the  resonator  sur¬ 
face  difficult  but  should  not  cause  a  problem  at  the 
—90dbm  levels  expected  in  an  oscillating  maser. 

In  the  preceding  arguments,  the  frequency  has  been 
assumed  low  enough  that  the  wavelength  is  much  larg¬ 
er  than  the  dimensions  of  the  strip.  In  this  quasi-static 
approximation  the  fields  are  TEM  and  the  only  com¬ 
ponent  of  current  is  the  azimuthal  component,  /^.  The 
effect  of  operating  at  a  frequency  where  the  wavelength 
is  on  the  order  of  the  strip  dimensions  is  that  the  longi¬ 
tudinal  component  of  current,  becomes  significant. 
It  has  been  suggested  that  the  form  of  this  component 
is  [10] 


f  7,0  sin  (^),  |2l<0.8i; 

h[z)  =  {  (4) 

i  7,0  cos  (^),  0.8^<|^|<i 

where  /  is  the  full  strip  width.  The  magnitude  of  7,o  is 
proportional  to  the  normalized  strip  width  //A,  where 
A  is  the  wavelength  corresponding  to  the  resonant  fre¬ 
quency.  When  f/A  <  0.1,  the  average  current  am¬ 
plitude  liO  across  one  half  of  the  strip  width  is  less 
than  ten  percent  of  the  average  I^(z  =  0)  curren- 
t  amplitude.  For  the  cavity  built  at  the  University 
of  Wuppertal,  the  condition  that  //A  <  0.1  is  not 
satisfied.  Specifically,  for  an  operating  frequency  of 
1.42GHz  (corresponding  to  a  21cm  wavelength)  and 
an  electrode  length  of  5cm,  this  cavity  is  not  operat¬ 
ing  within  the  quasi-static  limit.  This  would  imply 
that  in  the  maser  resonator,  the  currents  no  longer 
flow  only  azimuthally  around  the  electrodes  but  that 
there  is  a  component  of  the  current  in  the  longitudinal 
(z)  direction. 

Shown  in  figure  9  is  a  MAFIA  plot  of  at  the 
surface  of  the  conductor  compared  with  the  function 
in  equation  (4).  The  shape  of  this  curve  is  similar  to 
that  expected  from  a  stripline  where  /  >  O.lA.  The 
numerical  solution  confirms  that  the  transverse  mag¬ 
netic  fields  are  much  smaller  (<  0.01%)  than  the  lon¬ 
gitudinal  magnetic  field  component  over  most  of  the 
interaction  region;  therefore,  this  will  not  be  a  serious 
problem  in  our  design.  However,  if  the  overall  size  of 
the  loop-gap  cavity  is  increased  the  transverse  fields 
would  become  significant. 
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Transverse  Current  •  Electrode  Middle  to  Edge 


^  Tj  versus  Spin  Exchange  Relaxation  Rate 
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Figure  9;  The  component  of  the  rf  currents  on  the 
electrodes  that  are  perpendicular  to  the  direction  of 
the  TEM  currents.  The  upper  curve,  A,  is  from  the 
MAFIA  calculation  and  the  lower  curve,  B,  is  from  the 
relationship  given  in  reference  [10]. 


Figure  10:  The  product  of  PT^  as  a  function  of  7:, « 
which  is  proportional  to  the  density  of  atoms  in  the 
storage  bulb. 

Equation  (5)  can  be  rewritten  as 


Loop-gap  Design  Optimization 


To  find  the  loop-gap  maser  resonator  design  that  min¬ 
imizes  the  thermal  noise  contributions  the  Allan  de¬ 
viation  for  integration  times  between  100  and  10000 
seconds,  <r/(r),  must  be  minimized.  We  must  express 
<Ti  in  terms  of  geometric  variables  like  the  resonator 
length  L  and  radius  R  as  well  as  the  cavity  quality 
factor,  Qe-  The  bulb  relaxation  rate,  7j,  is  treated  as 
a  parameter.  The  spin  exchange  relaxation  rate,  7,.e., 
is  removed  from  the  expressions  for  ai  by  minimizing 
<Tj  with  respect  to  7,,*,.  Using  these  simplification- 
s  and  the  relationships  for  the  filling  factor  and  the 
quality  factor  as  functions  of  the  cavity  geometry,  <ti 
is  minimized  in  terms  of  the  cavity  dimensions. 

The  component  of  the  Allan  deviation  due  to  the 
thermal  noise  within  the  cavity  is  given  by 

Where  Qi  is  the  atomic  line  quality  factor,  k  is  the 
Boltzmann  constant,  T  is  the  temperature  inside  the 
cavity,  and  P  is  the  power  delivered  by  the  atomic 
beam  to  the  cavity.  The  Allan  deviation  will  be  eval¬ 
uated  at  r  =  Isecond. 


kT  rT~ 
2x2/1  y 


(6) 


where  Qi  —  X/0T2,  and  T2  is  the  transverse  decay  time 
of  the  atoms.  The  first  term  under  the  radical  is  not 
geometry  dependent.  Therefore  it  is  only  necessary 
to  maximize  the  product  PT^  for  the  thermal  noise 
component  to  be  minimized.  Separating  out  terms 
that  are  constant  for  changes  in  cavity  geometry  and 
defining  these  terms  as  the  constants  A  and  B,  we  have 


PT|  =  BVi 


/7i\ 

\72/  V  7172 


h<TVr 

B=^ 

The  total  relaxation  rates  are  defined  as 


1 

=  =  7»  +  7lu-  +7l..e 


74  +  7211,  +72..e.- 


(7) 


(8) 


In  the  above  expressions,  71  and  72  are  the  total 
longitudinal  and  transverse  relaxation  rates,  respec¬ 
tively.  7i,  e.  is  the  spin  exchange  releixation  rate.  As 
described  in  [4]: 
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7U  e 


272* « 


navr  =  ncr4 


(9) 


Here,  <r  is  the  spin  exchange  cross  section,  Vr  is 
the  average  relative  atomic  velocity,  and  n  is  hydrogen 
density  given  by 


n 


UotTh 


(10) 


7iu,  and  7201  are  the  longitudinal  and  transverse  relax¬ 
ation  rates  due  to  wall  collisions,  pi^,  is  defined  as  the 
transverse  relaxation  probability  per  collision  and 
is  the  average  time  between  atomic  wall  collisions[15]. 
With  i44  defined  as  the  surface  area  of  the  storage  con¬ 
tainer,  we  have 


Piw  ^  4 

7iu,  =  - «  x72u, 

Tc  o 

^  7.3  X  10-®exp  =  1.45  x  10-“  (11) 

1  _  mean  atomic  velocity  ISkT  Ai 
Tc  mean  free  path  V  xm  414 

Since  the  spin  exchange  relaxation  rate  is  proportional 
to  the  hydrogen  density  in  the  bulb,  we  can  solve  for 
the  condition  of  optimal  density.  A  plot  of  PT^  as  a 
function  of  7i«.e.  is  shown  in  figure  10.  By  setting  the 
derivative  of  PT^  with  respect  to  71*, «,  equal  to  ze¬ 
ro  and  solving  for  7i,.e  ,  we  find  the  relation  between 
PTj  and  the  optimal  value  of  7,,«,  or  equivalently  the 
optimal  density.  This  condition  on  jis  e.  is  substitut¬ 
ed  into  equation  (7).  This  ensures  that  the  product 
of  PT2  is  always  evaluated  at  the  optimal  hydrogen 
density  within  the  bulb.  It  is  found  that  7ij «,  cpt  for 
optimal  stability  is  given  by 


_  2  (72,„  -I-  76)  (272„,  -  7iu,  -b  7t  -  2Aji,r)'Qc) 

■^1* «  opt  -  -  74  -  2AytTfQc 

(12) 

We  assume  that  the  bulb  escape  rate  74  can  be  ad¬ 
justed  by  changing  the  collimator  tube  length.  All  oth¬ 
er  variables,  such  as  the  filling  factor,  the  bulb  volume, 
the  atomic  collision  rate  with  the  walls,  and  the  qual¬ 
ity  factor,  Qe,  are  dependent  on  the  particular  cavity 
geometry.  Since  no  analytical  solution  exists  for  the 
fields  in  the  cavity  there  are  no  analytical  solution- 
s  for  Qe  and  rf.  Therefore  a  numerical  optimization 
has  been  performed  by  choosing  a  shield-can  geometry 
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Figure  11:  The  Allan  deviation  as  a  function  of  the 
integration  time  for  three  different  cavity  geometries: 
(A)  optimal  design  according  to  the  electrode  geome¬ 
try  for  maximum  PTj  ,  (B)  the  cavity  shown  in  figure 
1,  (C)  cavity  designed  for  maximum  rj'Qc.  Also  shown 
is  the  stability  of  a  room  temperature  active  maser[16] 


and  finding  the  electrode  geometry  that  would  give  the 
best  stability  in  that  case.  In  order  to  find  the  opti¬ 
mal  resonator  design,  many  iterations  of  this  process 
are  needed.  When  PT^  is  considered  as  a  function  of 
the  electrode  radius  and  length  for  a  given  shield  can 
geometry,  there  is  a  maximum  that  implies  an  optimal 
design  for  the  electrodes.  The  location  of  this  maxi¬ 
mum  is  dominated  by  the  collision  rate  of  the  atoms 
with  the  storage  bulb  walls.  It  is  clear  that  the  wall 
collision  rate  is  minimized  for  a  large  bulb  volume  to 
surface  area  ratio. 

The  Allan  deviation  can  now  be  calculated  for  any 
given  loop-gap  cavity  design.  The  results  of  this  cal¬ 
culation  are  shown,  for  three  cases,  in  figure  11.  A 
cavity  geometry  designed  using  the  maximum  ij'Qc 
criteria  will  have  a  narrow  storage  bulb  and  therefore 
a  large  wall  releixation  rate.  This  is  represented  by 
curve  A  in  figure  11.  Curve  B  describes  the  predict¬ 
ed  level  of  thermal  fluctuations  for  the  cavity  shown 
in  figure  1.  Curve  C  represents  the  minimum  fluc¬ 
tuations  for  a  cavity  with  a  shield-can  diameter  and 
length  equal  to  7.5cm  and  electrcxles  6.8cm  in  length 
and  3.2cm  in  radius.  Shown  for  comparison  is  actual 
data  from  a  standard  active  maser[16].  The  level  of 
fluctuations  are  reduced  by  a  factor  of  three  in  going 
from  the  rj'Qe  geometry  to  the  PT^  maximum  design 
where  <r;(l  second)  =  6  x  10“*“. 
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Conclusion 

A  technique  developed  for  the  deposition  of  textured 
thick  films  of  YBCO  onto  silver  substrates  of  arbi¬ 
trary  shape  has  been  applied  to  the  electrodes  of  the 
loop-gap  resonator.  The  surface  resistance  of  the  elec¬ 
trophoretic  YBCO  electrodes  in  this  maser  resonator 
is  shown  to  be  less  than  ImQ  at  77A'  and  1420MHz. 
M^lser  oscillation  can  now  be  achieved  in  the  compact 
resonator  without  the  need  for  Q-enhancement  tech¬ 
niques.  The  design  of  the  resonator  cavity  has  been 
optimized  with  respect  to  the  contribution  of  thermal 
noise  to  the  maser  oscillation  using  the  field  solution- 
s  from  a  3  dimensional  finite  element  code  (MAFIA). 
The  thermal  noise  within  the  cavity  limits  the  stability 
to  <ry(10000  seconds)  =  6  x  10~*®.  Figure  11  shows 
the  calculated  deviations  compared  with  fluctuations 
measured  in  a  room  temperature  active  maser.  The 
frequency  fluctuations  of  the  optimized  compact  su¬ 
perconducting  resonator  coincide  with  these  measured 
values.  This  compact  superconducting  maser  design 
has  frequency  stability  competitive  with  full  size  room 
temperature  masers  at  a  substantial  weight  and  size 
reduction  making  it  attractive  for  space  applications. 
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Abstract 

High-Tc  superconducting  (HTS)  thin  films 
increase  the  Q  of  microstrip  by  more  than  a  factor 
of  50  at  1  GHz.  and  at  10  GHz  by  more  than  a 
factor  of  20.  This  increase  in  Q  enables  extremely 
high  O  resonators  to  be  developed  for  low  noise 
oscillators.  This  paper  will  discuss  recent 
developments  in  high  Q  microstrip  resonators  and 
filters  using  various  deposition  processes. 


Introduction 

The  extremely  low  surface  resistance  in  HTS 
thin  films  facilitates  the  development  of  microwave 
devices  with  better  performance  than  conventional 
devices.  In  radar  applications,  HTS  filters  and 
resonators  provide  much  lower  attenuation  at  X- 
band  microwave  frequencies  than  microstrip 
circuits  and  SAWs  fabricated  with  normal  metal  (fj. 
HTS  microstrip  resonators  have  been  used  to 
stabilize  oscillators  [2]. 

Delay  lines  are  an  important  component  for 
many  radar  systems.  The  combination  of  low 
surface  resistance  and  fixed  skin  depth  allow  very 
compact,  low  velocity  delay  lines  to  be 
manufactured  from  superconducting  microstrip. 
Figure  1  compares  the  insertion  loss  for  a  few 
transmission  delay  lines  with  a  10  ns  delay.  For 
comparison,  transmission  lines  of  copper  and  HTS 
are  compared  on  the  same  substrate. 
Superconducting  MM  1C  refers  to  microstrip  lines 
formed  on  a  substrate  with  a  layer  of  HTS  followed 
by  300  nm  layer  of  insulator,  followed  by  an  HTS 
transmission  line. 

Coaxial  lines  have  too  high  a  loss  for  many 
applications.  SAW  devices  work  over  a  wide  range 
of  delay  times  and  frequencies,  so  the  region 
marked  for  the  SAW  devices  is  only  for 
comparison.  At  low  frequencies  the  HTS  delay 
lines  have  negligible  loss,  and  even  at  10  GHz,  the 
losses  will  be  very  low. 

Many  techniques  have  been  developed  for 
the  deposition  of  HTS  films.  Early  work 
concentrated  on  sputtering  techniques  which 
have  resulted  in  high  quality  films  [3].  More 
recently,  pulsed  laser  deposition  has  provided 
high  quality  films.  A  new  and  interesting  technique 


FREQUENCY  (GHi) 

Figure  1 .  Insertion  loss  for  candidate  delay  lines  at 
different  frequencies. 


metal-organic  vapor  deposition  (MOCVD)  has 
been  developed  at  TRW  to  produce  high  quality 
films  on  both  sides  of  the  substrate  [4). 

HTS  Film  Growth 

Sputtered  Thin  Films 

Early  microstrip  samples  were  fabricated  by 
sputtering  YBa2Cu30  on  LaAIOs  substrates  [3J. 
HTS  films  were  sputtered  onto  whole  1.5-inch 
diameter  LaAIOs  wafers  using  a  single  target  of 
YBCO  with  a  stoichiometric  1-2-3  compound.  The 
substrate  was  thermally  contacted  to  the  platform 
via  silver  paste  and  heated  to  700  -  750  C  in  an 
atmosphere  of  30  -  50  mT  of  oxygen  and  40  - 
200  mT  c.'  argon  Off-axis  sputtering  minimized 
damage  caused  by  negative  ion  bombardment. 
RF  power  of  125  W  provided  a  film  growrth  rate  of 
700  A/hr.  Immediately  after  deposition,  the 
samples  were  cooled  in  600  T  of  pure  oxygen. 
The  high  pressure  of  oxygen  eliminates  the  need 
for  additional  thermal  annealing;  thus,  smooth  films 
suitable  for  device  fabrication  can  be  deposited  on 
substrates. 

After  removing  the  baked  silver  paste,  Ag  was 
deposited  on  the  backside  of  LaAlOs  to  provide  a 
ground  plane  for  the  microstrip  structures.  The 
HTS  was  patterned  with  standard  photo- 
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lithographic  techniques  and  etched  with  dilute 
phosphoric  acid.  Ag  or  Au  contacts  were 
deposited  on  some  of  the  circuits  to  improve 
contacts  between  K-connector  pins  and  microstrip 
lines.  Completed  wafers  were  diced  .  j  0.2  in.  x 
0.5  in.  pieces  by  a  diamond  saw.  Fi:,  deterioration 
was  significantly  reduced  b''  shortening  the 
processing  time,  minimizing  the  exposure  of  the 
HTS  solvents  and  other  chemicals,  and  avoiding 
ion  milling  directly  on  tfie  surface  of  HTS. 

The  resultant  films  yield  dc  critical  temperature 
of  86  -  91  K  Willi  transition  widths  of  0.5  K.  The 
critical  currer..  of  the  HTS  films  is  2x10^  A/cm^  at 
4.2  K  and  1x10®  A/cm^  at  77  K.  Microwave 
response  was  superior  to  copper  below  81  -  85  K. 
indicating  that  the  films  were  of  high  quality. 

Laser  Deposited  Films 

High  quality  YBCO  films  are  routinely 
deposited  by  laser  ablation.  A  KrF  excimer  laser 
(Lambda  Physik  3l5i),  operating  at  4  Hz,  is 
focused  to  roughly  2  J/cm2  onto  the  rotating 
YBCO  target.  The  chamber  pressure  is  held  at  200 
mTorr  of  O2,  and  the  substrate  heater  is  kept 
between  770-780  C.  Large  are  depositions  are 
achieved  by  rastering  the  substrate  heater  over  a 
2-inch  square  area  as  the  laser  is  firing.  Upon 
completion  of  a  deposition,  the  films  are  slowly 
cooled  to  room  temperature  in  a  600  Torr 
atmosphere  of  O2 

The  resulting  films  exhibit  sharp  dc  resistance 
transitions  (Tc  >  90  K)  and  sharp  magnetization 
transitions.  High  current  densities  of 
approximately  3x10®  A/cm2  are  achieved  at  77 
K  and  these  increase  to  10^  A/cm2  below  65  K. 
The  films  typically  exhibit  low  microwave  resistance 
which  starts  at  approximately  160  pQ  at  4  K  and 
rises  to  500  around  77  K. 

Step  edge  HTS  microbridges  are  fabricated 
over  sharp  steps  etched  in  the  LaAlOa  substrate. 
A  steep  (90  degree  edge)  0.3  pm  trough  is  ion- 
milled  into  the  substrate,  and  HTS  film  (0.2  pm)  is 
deposited  over  the  entire  area.  Large  area 
depositions  are  achieved  by  rastering  the 
substrate  heater  over  a  2-inch  square  area  during 
the  laser  deposition.  The  film  is  then  patterned 
and  ion-milled  to  produce  a  2  pm  wide 
microbridge  over  the  step  edge,  resulting  in  an 
engineered  weak  link  Josephson  element. 
Although  there  are  two  step  edges  in  series,  only 
the  one  with  smaller  critical  current  dominates. 
Over  90  %  of  the  films  yield  Tc  values  greater  than 
87  K  at  microwave  frequencies. 

MOCVDThin  Films 

A  more  interesting  process  of  fabricating  very 
low  microwave  losses  in  microstrip  resonators  has 


been  developed  using  MOCVD  which  deposits 
high-temperature  EBCO  superconducting  films  on 
both  sides  of  a  LaAlOs  substrate.  For  the  thermal 
contact  required  for  growth  in  low  pressure 
sputtering  and  laser  depostion  systems,  the 
backside  of  the  substrates  are  coated  with  silver 
paste.  However,  the  silver  paste  is  subsequently 
difficult  to  remove  without  affecting  the  YBCO  film 
on  the  reverse  side.  Silver  paste  is  not  needed  in 
MOCVD  This  process  provides  thermal  contact  of 
the  substrate  to  the  susceptor  by  the  high 
pressure  gaseous  atmosphere  used  for  film 
growth. 

EBCO  films  were  grown  in-situ  by  MOCVD  on 
both  sides  of  polished  LaAlOa  using  the 
appropriate  metal  p-diketonate  complexes  of 
Er(Ci  iHi902)3.  Ba(Ci  1  H  1  9O 2 )2 .  a n d 
Cu(Ci  iHi902)2  a  carrier  gas  was  used  to 
transport  the  metalorganic  precursors  and  mix 
them  at  about  250  C  with  O2  The  precursors 
were  then  introduced  info  the  chamber  where  the 
LaAIOs  substrates  sit.  The  films  used  for  the 
resonators  were  grown  at  atmospheric  pressure  (in 
He)  at  800  C.  as  measured  with  an  optical 
pyrometer  focused  on  the  side  of  the  susceptor. 
The  EBCO  film  thickness  of  5500  A  on  the  20-mil 
substrate  exceeds  the  penetration  depth  of  HTS. 
A  second  film  was  then  grown  on  the  exposed 
polished  backside  of  the  LaAIOs  wafer  as 
described  above.  The  annealing  time  of  the 
second  film  at  400  C  in  He/02  was  extended  to 
30  minutes  in  an  attempt  to  replace  the  O2 
presumably  lost  from  the  first  film  while  being 
heated  at  800  C. 

These  films  perform  well  at  microwave 
frequencies  even  though  scanning  electron 
microscope  (SEM)  photographs  show 
inhomogeneity  at  10K  magnification.  Resistance- 
temperature,  R(T),  measurements  showed  sharp 
transition  widths  of  1-2  degrees,  Tc(0)  =  92  K.  and 
an  extrapolated  intercept  for  the  slope  of  R(T) 
above  Tc  nearly  equal  to  T  =  0  K.  R(T) 
measurements  of  both  films  produced  essentially 
overlapping  curves. 

Microstrip  Design 

Numerous  structures  exist  for  microstrip 
resonators  and  filters.  Our  LaAIOs  studies  include 
straight  50  Q  linear  resonators,  closed-loop  ring 
resonators,  meanderline  resonators,  and  parallel- 
coupled,  series-gap  bandpass  filters.  Figure  2 
shows  most  of  the  microstrip  circuits  reported  in 
this  paper.  The  dielectric  constant  Er  of  LaAlOa 
was  determined  from  these  resonator 
measurements  to  be  26.  LaAlOa  was  chosen  as  a 
substrate  because  the  lattice  match  to  YBCO 
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provides  high  quality  films,  and  its  8r  is  suitable  to 
microwave  applications  while  the  er  of  SrTiOa  is 
not 
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Figure  2.  Microstrip  circuits:  a)  10  GHz  linear 
resonator,  b)  ring  resonator,  c)  2-pole  filter,  and 
d)  1.3  GHz  meanderline  resonator 

The  50  linear  resonators  were  designed  for 
5  and  10  GHz.  The  low  impedance  resonator  was 
designed  for  10  GHz  with  an  impedance 
transformer  from  50  to  25  Q.  The  coupling  gap  of 
the  50  Q  linear  resonators  was  varied  to  investigate 
the  external  loading  on  the  resonance  and 
determine  the  minimum  Rs  of  the  HTS  films. 
Resonators  with  8,  14,  and  20  mil  gaps  were 
calculated  to  have  total  loaded  Q's  of  about  340, 
600,  and  1025,  respectively. 

Ring  resonators  were  designed  at  15  GHz 
with  a  ring  impedance  of  40  Q  and  coupling  gap 
size  of  8.  The  ring  circumference  for  the  40  S2  ring 
was  increased  to  the  second  harmonic  wavelength 
to  decrease  the  ratio  of  the  width  to  the 
circumference  of  the  ring.  Larger  rings  minimize 
field  interactions  across  the  ring  width  and 
distortion  of  the  field  around  the  coupling  gap. 
The  drawback  of  the  larger  rings  is  the  increased 
possibility  of  distorting  the  uniformity  of  the  ring 
during  fabrication,  leading  to  resonance  splitting. 
The  size  of  the  rings  was  limited  to  an  area  of  0.2 
in.  X  0.5  in.  because  of  the  test  fixture  design.  A 
10  GHz,  50  i2  ring  resonator  with  a  14  mil  gap  was 
also  tested.  These  designs  were  optimized  from 
the  previously  reported  ring  resonator  design  [5]. 

We  tested  our  superconducting  microstrip  in 
a  practical  circuit  design  using  a  2-pole,  0.1  dB 


ripple,  1  percent  bandwidth  Chebyshev  filter  [6] 
Commercial  software  (TOUCHSTONE)  optimized 
the  design.  The  Cf  26  for  LaAIOs  is  outside  the 
range  of  er  that  this  model  can  accurately  simulate. 
So  some  feedback  from  experimental  measure¬ 
ments  of  actual  filters  was  needed  to  optimize  the 
design.  The  variety  of  bandpass  filter 
configurations  typically  involve  either  end-coupled 
or  parallel-coupled  structures.  Since  microstrip 
gaps  are  not  as  well  modelled  as  coupled  lines,  a 
compromise  was  made  in  the  filter  design.  The 
filter  design  is  parallel  coupled  in  the  outer 
sections  and  end  coupled  in  the  inner  sections. 

We  calculated  the  effects  of  kinetic 
inductance  on  the  design  of  the  resonators  and 
filters.  The  kinetic  energy  of  the  superconducting 
electron  pairs  generates  inductance,  which  slows 
the  propagation  velocity  in  the  microwave  circuit. 
The  larger  penetration  depth  of  HTS  compared  to 
LTS  and  the  high  cr  of  LaAlOa  increases  the 
kinetic  inductance  effect,  producing  larger 
frequency  shifts.  At  T/Tc  =  0.5.  the  kinetic 
inductance  of  Nb  exhibits  a  change  of  0.7  MHz. 
while  the  HTS  produces  a  change  of  9.4  MHz  in 
the  same  structure.  Frequency  shifts  in  the 
response  can  also  be  caused  by  the  change  in 
dielectric  constant  of  the  substrate  material  due  to 
thermal  contraction.  However,  the  estimated 
frequency  shift  due  to  this  effect  is  only  0.15  MHz 
for  a  10  K  change  in  temperature.  Deviations  in 
the  substrate  thickness  from  the  nominal  20  mil 
value  contribute  significantly  to  frequency  shifts.  A 
10  pm  (0.4  mils)  change  in  the  microstrip 
linewidth,  which  is  proportional  to  a  36  pm 
(1.4  mil)  change  in  the  substrate  thickness, 
causes  a  44  MHz  shift  in  frequency.  Therefore, 
substrates  with  the  same  thickness  should  be 
selected  to  accurately  incorporate  kinetic 
inductance  effects  into  the  design  of  HTS  filters 
and  resonators. 

Measurements  and  Results 

Sputtered  Single-sided  Devices 

HTS  linear  microstrip  resonators 
demonstrated  Q's  greater  than  1200  at  10  GHz, 
corresponding  to  surface  resistances  less  than 
300  pX2.  Identical  silver  resonators  showed  Q's  of 
60  and  surface  resistance  of  15  mt2.  The  high 
frequency  transition  temperature  for  these  HTS 
films  was  greater  than  83  K.  We  measured  Q's  of 
240  in  ring  resonators  at  15  GHz. 

We  also  fabricated  and  tested  a  2-pole, 
Chebyshev  narrow-bandwidth  bandpass  filter. 
The  reduction  in  surface  resistance  offered  by 
HTS  allows  a  reduction  in  insertion  loss  for  filter 
applications  (Figure  3).  The  HTS  filter  was 
designed  to  have  a  1  percent  bandwidth 
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Chebyshev  response  with  0.1  dB  ripple. 
Insertion  toss  was  2  dB  at  4  K,  rising  to  3  dB  at 
77  K.  In  comparison,  the  insertion  loss  of  a  similar 
silver  filter  was  24  dB.  This  is  20  dB  better  than  a 
simiair  filter  fabricated  in  Ag. 

We  observed  temperature  dependence  in 
the  filter  center  frequency,  which  we  attribute  to 
kinetic  inductance  effects.  Our  HTS  filters 
outperform  similar  cryogenic  silver  filters,  indicating 
that  practical  levels  of  HTS  performance  have  been 
achieved. 


Figure  3.  Filter  response  of  HTS  versus  silver 
microstrip  circuit. 

Two-Sided  MOCVD  Devices 

We  have  demonstrated  Q-values  of  MOCVD 
films  that  are  twice  those  produced  by  single-sided 
processes.  For  higher  frequency  microstrip 
circuits,  thinner  substrates  are  necessary,  but  this 
increases  the  ohmic  loss.  This  implies  that 
MOCVD  can  give  an  order  of  magnitude 
improvement  due  to  its  double  sided  film  growth 
capabilities.  These  in-situ  films  have  critical 
temperatures  of  92  K.  HTS  linear  microstrip 
resonators  demonstrated  O's  of  3500  at  10  GHz 
and  4.2  K,  corresponding  to  surface  resistances 
less  than  330  pO,  which  is  45  times  better  than 
measured  silver  resonators  (Figure  4).  HTS 
meanderline  resonators  with  a  fundamental 
frequency  of  1.3  GHz  have  O's  of  10,000  at 

4.2  K.  Identical  silver  meanderline  circuits  have 
300  times  more  surface  resistance  than  HTS 
circuits  which  are  typically  16  pQ. 

The  Q  values  obtained  for  samples  with 
MOCVD  HTS  on  both  sides  of  LaAlOa  were 
compared  to  those  with  sputtered  HTS  on  one 
side  and  Ag  as  the  ground  plane.  The  Q's  of  two- 
sided  HTS  resonators  (3600)  on  20-mil  thick 


substrates  were  twice  that  of  the  one-sided 
resonators  (1500).  For  5-mil  thick  substrates,  the 
two-sided  resonators  will  be  8  times  better  than  the 
one-sided  resonators  since  the  silver  ground 
plane  will  contribute  more  losses  and  inhibit  the 
microwave  performance  of  the  circuit. 


Figure  4.  Q  and  Rs  as  a  function  of  temperature 
for  the  two-sided  10  GHz  linear  resonator. 


Values  of  surface  resistance,  Rs,  were 
calculated  [5,7]  from  the  measured  Q.  Note  that 
unlike  the  single-sided  samples,  the  Rs  of  HTS 
films  can  be  found  directly  from  the  measured  Q  of 
HTS.  Surface  resistance  of  the  linear  resonators  at 

4.2  K  was  328  pil,  and  at  77  K  was  1 .66  mQ.  The 
lowest  Rs  that  we  measured  at  10.4  GHz  is  shown 
in  Figure  4  for  a  20-mil  linear  resonator.  The 
effective  surface  resistances  of  our  patterned 
single-sided  HTS  films  are  less  than  500  pi^.  while 
double-sided  resonators  had  Rs  less  than  330  pQ. 
The  latter  value  is  more  than  1 0  times  better  than 
Cu. 

The  meanderline  resonator  fabricated  from 
double-sided  HTS  samples  had  the  highest  Q  of 
the  measured  microstrip  circuits,  equal  to  9600  at 

1.3  GHz,  compared  to  about  200  for  a  Ag 
meanderline  resonator  of  identical  dimensions 
(Figure  5).  Therefore,  HTS  had  at  least  a  factor  of 
45  better  microwave  performance  than  Ag. 
Currently  the  coupling  gap  is  14  mils;  hence,  larger 
coupling  gaps  may  show  even  larger  Q's.  In  terms 
of  surface  resistance,  the  Rs  of  HTS  and  Ag  was 
16  pQ  and  5  mQ,  respectively  at  1 .3  GHz  and  4.2 
K.  which  corresponds  to  the  HTS  being  300  times 
better  than  Ag. 

Since  the  fundamental  frequency  is  1.3  GHz, 
we  were  able  to  measure  several  harmonic 
resonances.  The  Q  was  5700  at  4.9  GHz,  and 
2900  at  11.3  GHz.  After  calculating  the  surface 
resistance  on  all  the  measured  resonances,  we 
plotted  Rs  against  the  square  of  the  frequency  (f^) 
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and  found  that  these  HTS  films  followed  the 
expected  f^  dependence. 


0  20  40  60  80  100 

Temperature  (K) 


Figure  5.  Q  of  the  MOCVD  1 .3  GHz  meanderline 
resonator  with  HTS  ground  plane. 

Conclusions 

We  have  successfully  developed  sputtering, 
MOCVD,  and  laser  deposition  processes  that 
produces  high  quality  HTS  films  on  LaAlOa.  For 
the  double-sided  MOCVD  process,  replacing  the 
Ag  ground  plane  with  an  HTS  ground  plane  in 
silver  ground  plane  eliminates  extra  surface  losses 
due  to  normal  metal  ground  conductors.  These 
two-sided  microwave  circuits  yield  higher 
microwave  performances  than  one-sided  HTS 
circuits  and  much  higher  performance  than 
identical  Ag  circuits. 

We  achieved  HTS  surface  resistances  less 
than  330  pTi  at  10  GHz.  Q's  of  9600  at  1.3  GHz 
with  Rs  of  16  pQ  were  achieved  in  meanderline 
resonators.  For  thinner  substrates,  MOCVD  can 
provide  an  order  of  magnitude  improvement 
compared  to  a  one-sided  process  with  an  HTS 
transmission  line  with  a  silver  ground  plane.  The 
extremely  low  microwave  surface  resistance  of 
HTS  will  greatly  improve  the  performance  of 
oscillators  in  radar  applications. 
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ABSTRACT 

Two  X  -  Band  oscillators  have  been 
designed,  built  and  tested  using  planar  HTSC 
superconducting  resonators  for  stabilization. 
The  reaction  type  oscillator  uses  a  YBaCuO 
HTSC  ring  resonator  and  the  parallel 
feedback  oscillator  uses  a  thalium  based 
HTSC  half  wavelength  resonator  with  an 
unloaded  Q  =  21000.  The  design  and 
development  of  these  oscillators  and 
charactersistics  of  HTSC  resonators  will  be 
discussed. 

INTRODUCTION 

Superconducting  films  of  both 
YiBa2Cu30x  (YBCO)  and 
Tl2Ba2CaiCu20y  (TBCCO)  were  used  for 
this  work.  The  123  films  were  grown  at 
ETDL  by  laser  ablation.  The  laser  ablation 
system  is  typical  [1]  in  that  248  nm  light  from 
a  pulsed  excimer  laser  is  focused  onto  a  bulk 
target  of  YBCO  so  that  the  ablated  material  is 
deposited  onto  a  substrate  positioned  7  cm 
fi’om  the  target.  In  this  particular  case,  the 


substrate  is  a  single  crystal  of  MgO  heated 
during  deposition  to  a  temperature  of  720  C. 
The  ambient  atmosphere  during  deposition  is 
200  mTorr  of  oxygen  and  is  raised  to 
approximately  one-half  an  atmosphere  during 
the  post-deposition  cooling  phase.  The 
depostion  rate  is  typically  550  nm/minute  and 
the  YBCO  film  used  here  was  800  nm  thick. 

The  TBCCO  films  used  for  these 
experiments  were  also  deposited  by  laser 
ablation  but  were  obtained  commercially  from 
Superconductor  Technologies,  Inc.  The 
deposition  process  for  these  films  is 
somewhat  similar  to  that  previously 
described,  although  a  post-deposition  anneal 
in  a  thallium  atmosphere  is  required.  The 
substrate  material  for  the  Tl-based  film  was 
single-crystal  LaA103.  The  two  different 
substrate  materials  have  considerably 
different  dielectric  constants.  [1]  [2]  At  77 
K,  the  dielectric  constant  for  MgO  is  9.6  at 
10  GHz,  but  is  23.8  at  6.2  GHz  for  LaA103. 
The  loss  tangent  is  about  than  6  x  lO'^  for 
both  materials.  Thalium  based  films  have 
transition  temperatures  of  approximately 
1  lOK,  while  YBaCuO  films  transition  at 
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approximately  90K. 

A  resonator  was  patterned  in  each  of 
the  HTSC  films  previously  described  to 
stabilize  two  X  -band  oscillators.  A  ring 
resonator  was  patterned  in  a  YBaCuO  HTSC 
film  and  a  half  wavelength  resonator  was 
patterned  in  the  thalium  based  HTSC  film. 
The  signal  is  capacitively  coupled  in  and  out 
of  the  resonators,  (see  figure  1  ). 

-o- 

full  wave  resonator 

half  wave  resonator 

Figure  1. 

The  unloaded  Q  of  the  thalium  based 
resonator  and  the  YBaCuO  resonator  are 
2 1  ,(XX)  and  1 ,2(X)  respectively,  measured 
with  approximately  -25dBm  at  the  resonator. 
The  unloaded  Q's  of  the  resonators  are 
calculated  from  their  loaded  Q's  and  their 
insertion  losses  at  resonance.  [3],  [4]  The 
high  Q  of  the  thalium  HTSC  ring  is 
attributable  to  a  very  high  quality  HTSC  film 
and  also  having  an  HTSC  ground  plane, 
whereas  the  YBaCuO  resonator  has  a  silver 
ground  plane.  It  is  believed  that  a  double 
sided  HTSC  substrate  can  increase  the  Q  of  a 
resonator  by  an  order  of  magnitude.  Both  of 
these  HTSC  resonators  exhibit  similar 
characteristics  versus  temperature.  As 
temperature  decreases  the  surface  resistivity 


of  the  HTSC  decreases,  resulting  in  a  higher 
Q  and  thus  a  lower  insertion  loss  for  a 
constant  amount  of  coupling  in  and  out  of  the 
resonator.  Actual  meaurements  of  insertion 
loss  and  Q  versus  temperature  for  the  double 
sided  Thalium  resonator  show  that  the 
insertion  loss  of  the  resonator  decreases  from 
27dB  at  93.6K  to  15.6dB  at  46.0K,  (see 
figures  2,  3). 


Superconducting  Technologies  Inc. 
Double  Sided  Thalium  irrs  Resonator 
Substrate:  Lanthanum  Alumitsate 


40  50  60  70  80  90  100 

Temperature  (lic)vin) 


Figure  2. 
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Resonant  Frequency 


Superconducting  Technologies  Inc. 
Double  Sided  HTS  Resonator 
Substrate:  Lanthanum  Aluminate 


Temperature  (kelvin) 

Figure  3. 

A  second  characteristic  which  changes  as  a 
function  of  temperature  is  the  ring’s  resonant 
frequency.  This  is  explained  by  the 
following  relation.  [5] 

1)  f=VphAc 

2)  vph=  l(PoEff)l/2[l  + 

(2X(T)/d)coth(bA(T))]' 

3)  >.(T)  =  >.(0)[l-(TyTc)4]-l/2 

A,(T)  =  Penetration  Depth 

T  =  Resonator  Temperature 

Tc  =  Transition  Temperature  of 

Superconducting  Film 
f  =  resonant  frequency 

vph  =  phase  velocity 


"kc  =  wavelength 

Eff  =  effective  dielectric 

b  =  film  thickness 

d  =  substrate  thickness 

Measurements  show  that  the  thalium  based 
HTSC  resonator’s  frequency  changes 
20MHz  as  the  ring’s  temperature  decreases 
from  94K  to  46  K,  (see  figure  4  ).  The 
design  and  results  of  two  X  band  oscillators 
using  these  superconducting  resonators  for 
stabilization  are  represented. 

HTSC  THALIUM  BASED  RESONATOR’S 
RESONANT  FREQUENCY 
VS.  TEMPERATURE 


SUPERCONDUCTING 

OSCILLATORS 


REACTION  TYPE  OSCILLATOR 

The  reaction  type  oscillator  is  composed  of 
two  separate  and  different  substrates,  an 
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alumina  substrate  and  a  magnesium  oxide 
(MgO)  substrate  ( see  Figure  5). 


REACTION  TYPE  OSCILLATOR 


Figure  5. 


The  alumina  substrate  is  metallized  with  gold 
on  both  top  and  ground  planes,  and  the  MgO 
substrate  is  metallized  with  silver  on  the 
ground  plane  and  with  a  YBaCuO 
superconducting  film  deposited  on  the  other 
plane.  Both  substrates  are  soldered  to  a  brass 
test  fixture  with  a  low  temperature  solder . 
The  low  temperature  solder  is  precautionary 
and  meant  to  reduce  stress  on  tl. 
superconductor  film.  The  active  part  of  the 
oscillator  is  located  on  the  alumina  subtrate. 
A  NEC  73183  HEMT  is  attached  to  the  gold 
microstrip  pattern  that  includes  DC  bias 
circuitry  and  RF  stubs  designed  to  induce 
oscillation.  The  MgO  substrate  has  a  ring 
resonator  and  a  50  ohm  line  etched  into  its 
superconducting  film.  The  50  ohm 
superconducting  line  is  soldered  to  the  gold 
50  ohm  impedance  line  leading  from  the 


HEMTs  drain.  The  oscillator’s  output  is 
soldered  at  the  opposite  end  of  the 
superconducting  line.  All  superconductor 
soldering  is  done  with  an  indium  based 
solder  manufactured  by  Supersolder 
Technologies  Inc.  The  oscillator,  when 
cooled  below  liquid  nitrogen  temperatures, 
locks  to  the  superconducting  ring  resonator 
and  oscillates  at  9.33GHz. 

This  oscillator  was  designed  on  a 
linear  microwave  simulator  using  measured 
small  signal  s-parameters.  [6],  [7]  A  reaction 
type  oscillator  has  its  stabilizing  resonator 
located  at  its  output,  in  this  case  the  drain. 
The  simulator  was  used  to  design  the 
required  networks  to  induce  a  free  running 
oscillation,  (see  figure  6). 


SCHEMATIC  OF  REACTION  TYPE 
OSCILLATOR 


Figure  6. 


[8]  This  small  signal  analysis  is  a  rough 
approximation,  since  oscillators  actually 
operate  in  a  large  signal,  nonlinear  mode. 
Also  room  temperature  s-  parameter  data  was 
used  instead  of  cryogenic  temperature  data. 
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contributing  to  the  inaccuracies  in  the 
predicted  operating  frequency.  Provided  the 
ring  resonator  has  a  high  quality  factor, 
predicting  the  exact  hee  running  oscillation 
frequency  is  unnecessary,  the  ring  will  lock 
the  oscillator  to  its  resonant  frequency. 

The  ring  resonator,  designed  to 
resonate  at  9.3GHz,  is  separated  from  the  50 
ohm  line  by  five  mils.  In  this  configuation 
the  ring  resonator  can  be  modelled  as  a 
parallel  RLC  circuit  connected  to  the  50  ohm 
line  through  a  transformer.  At  resonance,  the 
real  impedance  at  the  ring's  plane  is  very 
large  and  the  rate  of  reactance  change  versus 
frequency  near  resonance  is  also  very  large. 
The  ring  resonator  was  placed  3/4  X  away 
from  the  drain  of  the  transistor,  so  the  high 
impedance  is  transformed  to  a  low  impedance 
at  the  transistor,  while  retaining  a  large 
reactance  change  versus  frequency.  Optimal 
placement  for  the  ring  is  1/4X  away  from  the 
drain,  but  the  ring  size  made  this  placement 
physically  unattainable.  This  transformation 
insures  that  the  resistance  seen  by  the  drain  of 
the  transistor  is  smaller  than  the  negative 
resistance  seen  looking  into  the  drain  of  the 
transistor,  a  condition  for  oscillation.  The 
simulation  predicts  a  negative  resistance 
approximately  equal  to  -80  ohms.  Assuming 
the  superconducting  ring  has  a  loaded  Q  = 
600,  the  drain  sees  approximately  20  ohms, 
therefore  this  condition  for  oscillation  is  met. 
The  main  purpose  of  the  ring  is  to  keep  the 
oscillator  locked  at  a  specific  frequency  as  the 
HEMTs  characteristics  change,  due  to  a  shift 


in  temperature,  change  in  operating  voltage, 
transistor  aging,  etc.  Since  the  ring's 
reactance  change  versus  frequency  is  large 
compared  to  the 

HEMT s  reactance  change,  the  oscillator 
locks  to  the  ring's  resonant  frequency. 

The  oscillator  was  tested  using  both  a 
spectrum  analyzer  and  a  network  analyzer. 
The  oscillator  was  placed  in  a  cryostat  and  its 
output  connected  to  the  spectrum  analyzer. 
The  cryostat  was  cooled  to  39K,  well  below 
the  superconductor's  transition  temperature. 
The  HEMT  was  biased  at  a  drain  voltage  of 
2.0V  (Vds)  and  the  gate  was  biased  at  -.5V 
(Vgs),  (Id=10mA).  The  spectrum  analyzer 
showed  an  oscillation  at  9.33GHz,  (see 
figure  7  ).  From  this  measurement  alone,  it 
is  indeterminate  whether  or  not  the  oscillator 
is  locked  to  the  superconducting  ring.  To  test 
for  lock,  with  the  oscillator  still  in  the 
cryostat,  its  output  was  connected  to  a 
network  analyzer.  [9] 

OSCILLATION  FROM  REACTION 
TYPE  OSCILLATOR 


««KJ«  B. 


Figure  7. 
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A  one  port  measurement  with  the  oscillator 
turned  off,  (DC  voltages  set  to  zero)  showed 
a  large  return  loss  at  9.33GHz.  This  large 
return  loss,  "suck  out",  at  the  ring’s  resonant 
frequency,  indicates  a  high  probability  that 
the  oscillator  is  locked  to  the  superconducting 
ring.  The  "suck  out"  disappears  when  the 
resonator 's  temperature  is  brought  above  its 
transition  temperature.  An  additional  test , 
turning  the  oscillator  on  and  continuing  to 
measure  return  loss,  should  show  a  reflection 
coefficient  much  greater  than  unity  at  the 
ring's  resonant  frequency.  Setting  Vgs  and 
Vds  to  -0.5  V  and  2.0V,  respectively 
produced  a  large  reflection  coefficient  much 
greater  than  unity  at  9.33GHz  and  therefore 
provides  additional  verification  that  the 
oscillator  is  locked  to  the  superconducting 
ring. 


PARALLEL  FREDBACK  QSCn.LATOR 

The  parallel  feedback  oscillator 
consists  of  three  distinct  parts,  a 
superconducting  resonator,  a  high  gain 
amplifier,  and  a  3dB  splitter.  This  oscillator 
works  by  feeding  part  of  the  output  signal 
back  to  the  input  of  the  amplifier,  through  the 
superconducting  resonator.  The  resonator 
acts  as  a  very  narrow  band  pass  filter  whose 
pass  band  decreases  as  the  Q  -  quality  factor 
of  the  ring  increases.  If  the  feedback  signal 
is  in  phase  with  the  input  signal,  a  phase  shift 


of  27t  around  the  feedback  loop,  the  amplifier 
will  oscillate.  [10] 

The  parallel  feedback  oscillator  was 
built  with  the  double  sided  thalium  HTSC 
half  wavelength  resonator.  For  this  test,  the 
resonator  was  cooled  to  cryogenic 
temperatures,  while  the  amplifier  and  the 
3dB  power  splitter  were  kept  at  room 
temperature  external  to  the  cryogenic 
chamber.  For  oscillation  to  occur  the  loop 
gain  has  to  be  greater  than  one.  An  amplifier 
with  gain  greater  than  22dB  is  required, 
since  insertion  loss  around  the  loop  totals 
approximately  22dB,  17dBof  loss  from  the 
ring,  3dB  splitter  from  the  splitter,  and 
approximately  2dB  from  the  cables  and 
connectors .  An  amplifier  with  26dB  of  gain 
was  used.  Proper  phase  shift  to  provide  for 
positive  feedback  around  the  loop,  was 
provided  by  an  appropriate  length  of 
semirigid  coaxial  cable.  [10]  A  schematic  of 
the  oscillator  configuration  is  shown  in  figure 
8. 

PARALLEL  FEEDBACK  OSCILLATOR 


fifS  ftiPf4^fe>fL 


Figure  8. 
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Cooling  the  resonator  to  46.7  K  and 
turning  on  the  amplifier  produced  an 
oscillation  at  9.547GHz,  which  coincides 
with  the  resonant  frequency  of  the  ring  at 
46K,  (see  figure  9 ).  The  signal  is  extremely 
stable  mainly  due  to  the  high  quality  factor  of 
the  double  sided  HTSC  resonator. 

PARALLEL  FEEDBACK  OSCILLATION 


A  theoretical  analysis  of  oscillator 
phase  noise  characteristics  was  made  so  that 
general  trends  and  the  effects  of  HTSC  on 
oscillators  could  be  understood.  The  relative 
numbers  should  only  be  viewed  since  phase 
noise  is  dependent  on  a  large  number  of 
variables.  For  this  analysis,  the  standard 
Leeson  model  was  used.  [11]  The  single 
sideband  phase  noise  of  a  feedback  oscillator 
is: 

4)  L(to)=101ogiO[N2(l+Q)o2/4Q2o)2) 
(GFkT/P  +  ct/to)] 

L(to)  =noise  power  relative  to  carrier 


N  =frequency  multiplication  factor 

Wo  =unmultiplied  oscillator 

frequency 

w  =offset  frequency  in  radian/s 

P  =power  output  of  amplifier 

G  =ioop  gain  of  oscillator 

k  =Boltzmann’s  constant 

T  =absolute  temperature 

a  =emperically  determined  flicker- 

noise  constant 

F  =amplifier  noise  figure 

Q  =unloaded  quality  factor  of 

superconducting  resonator 

Present  day  superconducting  resonators 
have  Q’s  comparable  to  those  of  dielectric 
resonators.  Commercially  available  dielectric 
resonators  at  X  -  band  have  Q’s  in  the  range 
of  about  10,000  to  20,000.  [12]  A 
theoretical  comparison,  using  the  Leeson 
model,  between  two  feedback  oscillators, 
shows  the  oscillator  which  uses  a  resonator 
with  a  loaded  Q  =  19,(XX)  has  single  sideband 
phasenoise  approximately  5db  lower  than  the 
oscillator  which  uses  a  resonator  with  a  Q  = 
10,{XX),  given  all  other  factors  are  the  same, 
(see  figure  10).  Also  shown  is 
superconducting  oscillator’s  phase  noise  as  a 
function  of  temperature  (see  figure  11).  The 
phase  noise  decreases  as  temperature 
decreases,  since  the  Q  of  the  resonator 
increase.  This  shows  the  great  influence  a 
resonator’s  quality  factor  can  have  on 
oscillator  phase  noise. 
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Theotelic«l  Ruue  Noise  Coir^mison  of  a 
9.S  GHz  Oscillator  Using  a  Dielectric 
Resonator  and  a  Double  Sided  HTS  Resonator 


CONCLUSION 


Offset  Frequency  in  Hz 


Figure  10. 


Theoretical  SSB  Phase  Noise  @  1  KHz  of 
HTS  Stabilized  9.5  GHz  Oscillator  as  a 
Function  Of  Decreasing  Temperature 
and  Increasing  Quality  Factor 


Implementation  of  HTSC  oscillators 
is  heavily  dependent  on  the  targeted  systems. 
A  distinct  advantage  of  superconducting 
resonators  over  dielectric  resonators  is  that 
superconducting  resonators  are  planar  and 
can  be  etched  into  the  exact  position  each  time 
to  control  coupling.  A  dielectric  resonator 
oscillator  requires  the  labor  intensive  task  of 
posirioning  and  securing  the  dielectric 
resonator  for  each  oscillator  built.  For  some 
systems  the  HTSC’s  need  for  cooling  can 
overcome  the  HTSC  advantages.  Other 
systems  such  as  certain  ground  systems  and 
infrared  systems  which  contain  cryogenic 
cooling  can  take  advantage  of  the  low  phase 
noise  and  other  advantages  that  HTSC 
stabilized  oscillators  offer. 


Figure  1 1 . 
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Abstract 

We  have  combined  a  Superconducting  Cav¬ 
ity  Maser  Oscillator  (SCMO)  and  a  Hydro¬ 
gen  Maser  to  form  a  standard  which  shows 
the  medium-term  performance  of  the  hydro¬ 
gen  maser  together  with  improved  short-term 
performance  only  available  from  cryogenic  os¬ 
cillators.  A  double  loop  receiver  combines  the 
two  sources  with  a  100  MHz  quartz  crystal 
oscillator.  Fractional  frequency  stability  of 
2  •  10”''^  was  obtained  for  a  measuring  time  of 
r  =  1  second,  and  1  ■  10“^®  at  r  =  1000  seconds. 
The  1  second  value  is  almost  as  low  as  the  floor 
(1  •  10"*^)  for  our  measurement  system  while 
the  1000  second  value  is  identical  to  hydrogen 
maser  performance.  The  design  is  based  on 
models  of  hydrogen  maser  and  SCMO  phase 
noise  for  offset  frequencies  down  to  1  ■  10“®  Hz. 

Introduction 

The  superconducting  cavity  maser  oscillator 
(SCMO)  is  a  helium  cooled,  all-cryogenic  oscil¬ 
lator  with  superior  stability  at  short  measuring 
times[l ,2,3,4].  It  differs  from  other  superconducting 
cavity  stabilized  oscillator  (SCSO)  designs[5,6,7]  in 
iti.  use  of  a  very  rigid  {Q  ss  10®)  sapphire-filled  sta¬ 
bilizing  cavity,  and  in  its  all-cryogenic  design;  exci¬ 
tation  being  provided  by  an  ultra-low  noise  cryogenic 
ruby  maser. 

The  three  cavity  oscillator,  consisting  of  a  ruby 
maser,  coupling  cavity,  and  a  high-Q  lead-on- 
sapphire  cavity,  have  been  discussed  previously [2], 
Oscillation  at  a  frequency  of  2.69  GHz  results  from 
ruby  maser  operation  with  a  13.1  GHz  pump  fre- 

*This  work  was  carried  out  at  the  Jet  Propulsion  Labora¬ 
tory,  California  Institute  of  Technology,  under  a  contract  with 
the  National  Aeronautics  and  Space  Administration. 
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Figure  1:  Schematic  of  SCMO  double  loop  receiver 
at  lOOMHz.  The  two  loops  are  VCO/SCMO  and 
SCMO/Hydrogen  Maser.  The  required  input  is 
lOOMHz  Hydrogen  Maser  signal  and  the  output  has 
four  different  frequencies:  100,  10,  5,  and  0.1  MHz. 

quency  to  create  a  population  inversion.  In  order 
to  combine  the  short  term  stability  of  the  SCMO 
with  the  long  term  stability  of  the  hydrogen  maser 
we  have  modified  the  SCMO  to  allow  its  frequency 
to  be  tuned.  A  coil  has  been  installed  on  the  ruby 
housing  to  allow  the  bias  field  to  be  slightly  modi¬ 
fied.  This  coil  gives  a  sensitivity  of  7  •  10“*^  per  mA 
with  a  range  of  approximately  lO""'®.  This  range  is 
sufficient  to  accommodate  the  typical  SCMO  drift  of 
4  •  10“*^/day  in  long  term  operation. 

Design  and  Model 

A  double  phase  lock  loop  (PLL)  was  designed  to 
optimally  combine  the  SCMO  and  hydrogen  maser 
stabilities.  Figure  1  shows  the  schematic  of  this  de- 
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Figure  2:  Ph^e  noise  plot  of  the  three  oscillators 
at  lOOMHz.  The  combined  signal  is  expected  to  fol¬ 
low  closely  the  lowest  noise  of  the  three  oscillator  in 
the  Fourier  frequency  window  of  1  •  10“®  to  10^  Hz. 
Op-2imp  noise  also  shown  to  be  much  lower  than  os¬ 
cillator  noise. 

sign.  The  first  loop  is  a  quartz  crystal  voltage  control 
oscillator  (VCO)  phase  locked  to  the  SCMO  and  the 
second  loop  locks  the  SCMO-VCO  combination  to  a 
hydrogen  maser  through  a  tuning  coil  in  the  SCMO. 
The  design  goals  are  to  preserve  SCMO  short  term 
stability  through  first  PLL  and  to  optimize  the  sec¬ 
ond  PLL  so  that  long  term  performance  of  the  hydro¬ 
gen  maser  is  preserved  without  significantly  degrad¬ 
ing  SCMO  performance  at  r  =  1  second  measuring 
time.  The  VCO/SCMO  loop  is  a  standard  PLL  with 
bandwidth  of  3000  Hz.  The  SCMO/hydrogen  maser 
loop  deserves  a  little  more  attention. 

The  bandwidth  of  the  SCMO/hydrogen  maser 
PLL  is  determined  by  the  phase  noise  crossover 
of  SCMO  and  hydrogen  maser.  Since  the  hydro¬ 
gen  maser  close-in  noise  can’t  be  easily  measured 
a  model  was  created  with  assumption  that  conver¬ 
sion  between  frequency  and  time  domain  falls  within 
reasonable  margins.  Necessary  information  contains 
in  Table  1.  It  includes  noise  type,  Fourier  frequency 
window,  Allan  deviation  and  calculated  phase  noise. 

Figure  2  shows  phase  noise  plot  of  the  three  oscil¬ 
lators  and  op-amp  noise  contribution  is  also  calcu¬ 
lated.  In  a  preliminary  test  the  difference  between 
phase  noise  model  and  the  measured  data  is  within 
3  dB  for  1  •  10~^  to  1  •  10"^  Hz  region[8].  A  com¬ 
bined  phase  noise  data  were  calculated.  Through  a 
sophisticated  integration  the  combined  phase  noise 
was  converted  to  Allan  deviation.  It  shows  agree¬ 


Figure  3:  Allan  Deviation  derived  from  ph2kse  noise 
data  (Fig.  2).  The  expected  performance  of  the  com¬ 
bined  signal  is  1  •  10“*^  at  one  second  and  1  10“** 
at  1000  seconds  and  beyond. 

ment  between  the  measured  Allan  deviation  and  the 
calculated  one.  Based  on  this  model  the  phase  noise 
crossover  between  SCMO  and  hydrogen  maser  is  de¬ 
termined  to  be  0.040  Hz. 

In  order  to  check  the  calculation  method  a  pre¬ 
cautionary  step  has  been  taken.  Not  only  was  phase 
noise  calculated  for  the  SCMO,  hydrogen  maser  and 
the  combined  source  but  also  converted  back  again 
to  Allan  deviation.  Figure  3  shows  the  result  of 
our  calculations.  The  calculated  Allan  deviations 
reflect  the  measured  data  on  SCMO  and  hydrogen 
maser.  Therefore  it  confirms  our  method  of  calcula¬ 
tion.  The  calculated  combined  source  shows  a  sta¬ 
bility  of  1  10“*^  at  one  second  and  1  10“**  from 
1000  seconds  onward.  Allan  deviation  of  the  com¬ 
bined  source  follows  very  closely  to  the  best  source 
in  the  time  window  of  1  to  10,000  seconds. 

Measurements 

To  confirm  the  stability  of  the  combined  source, 
we  will  need  a  second  identical  system.  At  present 
we  can  only  test  with  available  oscillators.  Figure  4 
shows  the  best  short  term  stability  of  the  combined 
signal  at  test  frequency  of  lOOMHz.  Using  another 
cryogenic  oscillator  (superconducting  cavity  stabi¬ 
lized  oscillator[5])  as  reference,  these  results  show  a 
stability  of  2  •  10“*'*  at  one  second.  Figure  5  shows 
the  Allan  Deviation  of  fractional  frequency  fluctu¬ 
ations  for  the  SCMO  locked  to  a  hydrogen  maser. 
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Noise  type 

Fourier  Frequency 

Allan  Deviation 

Phase  Noise 

Flicker  frequency 

1  •  10“®  -  4  •  10“’' 

1  10“  ** 

7.5  lO-'V/-' 

White  frequency 

4  •  10-’*  -  4.5  ■  lO-'-* 

1 

o 

1.8  10“"//^ 

Flicker  phase 

4.5  lO-'-*  -  1  •  10“' 

2  10-‘“/r 

4  io-‘7f 

Table  1:  Contributions  to  the  total  noise  of  the  DSN  hydrogen  maser  used  for  loop  design 


Figure  4:  Two  sample  Allan  Deviation  of  the  SCMO 
tested  with  SCSO  at  100  MHz.  The  measured  fre¬ 
quency  stability  is  2  •  10“ at  one  second. 
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Figure  5:  Two  sample  Allan  Deviation  of  the  SCMO 
locked  to  one  Hydrogen  maser  and  second  maser  is 
used  as  a  reference.  The  dotted  line  shows  the  30 
second  loop  time  constant.  Below  30  seconds  plot 
shows  one  Hydrogen  maser  stability  cmd  beyond  30 
seconds  it  shows  two  maser’s  stability. 


using  a  second  hydrogen  maser  as  reference.  A  spe¬ 
cial  feature  is  the  stability  of  6  •  10“*'*  at  one  second, 
a  value  which  is  one  maser’s  stability.  Another  view 
of  this  data  is  from  1  to  30  seconds  the  stability  is 
from  one  maser  and  beyond  30  seconds  it  represents 
two  maser  performance. 


Conclusions 

We  have  demonstrated  a  new  frequency  standard. 
It  combines  two  stable  frequency  sources  which  show 
complementary  stabilities  over  the  range  of  measur¬ 
ing  times  from  1  to  10,000  seconds.  The  hydrogen 
maser  gives  the  highest  possible  stability  for  any  fre¬ 
quency  source  for  measuring  times  from  30  to  10,000 
seconds  while  the  cryogenic  SCMO  supercedes  even 
this  performance  for  times  shorter  than  30  seconds. 
Measured  performance  for  the  combined  standard  is 
2- 10“*^  at  1  second  measuring  time  and  1  10“’^  at 
1000  seconds.  Significant  aspects  of  this  experiment 
are  a  new  time  window  for  scientific  experiments  and 
the  first  successful  demonstration  combining  two  dif¬ 
ferent  types  of  ultra-stable  microwave  oscillators. 

At  present,  the  combined  SCMO-hydrogen  maser 
source  is  performing  a  field  test  at  Goldstone, 
NASA/Deep  Space  Tracking  station.  This  exercise  is 
to  prepare  SCMO  for  Gravitational  Wave  Detection 
experiment  in  connection  with  Galileo  in  1992. 
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Abstract:  A  Tunable  Sapphire  Loaded  Superconducting 
Cavity  (T-SLOSC)  has  been  constructed  and  is  used  as  a  high 
Q  filter  in  a  X-Band  loop  oscillator.  It  is  configured  with  two 
cryogenically  operation^  GaAsFET  amplifiers.  The  oscillator 
is  situated  in  a  vacuum  can  with  a  two  mode  vibration  isolation 
system  designed  to  filter  vibrations  by  50  dB  at  700  Hz  from 
I  he  carrier.  By  matching  theory  with  measurement  we  identify 
the  field  patterns  of  some  mode  families  at  room  temperature. 
Calculating  frequency  shift  with  temperature  enables 
identification  of  modes  when  cooled.  Tuning  ranges  can  also 
be  estimated.  To  measure  phase  noise,  we  make  the  T-SLOSC 
a  VCO,  and  lock  it  to  a  fixed  frequency  SLOSC.  The  phase 
noise  is  measured  at  room  temperature  and  a  range  of  cryogenic 
temperatures.  The  major  limitation  is  the  excessive  flicker  noise 
exhibited  by  GaAsFET  amplifiers  in  the  feedback  loop. 


Introduction 

The  ultra  low  loss  tangent  and  substantial  dielectric 
constant  of  sapphire  make  it  an  ideal  material  for  the 
construction  of  ultra  low  phase  noise  microwave  resonators. 
This  has  been  demonstrated  in  the  development  of  the  sapphire 
clock  at  the  University  of  Western  Australia,  which  has  state  of 
the  art  Allan  Variance  of  <  10  *'*  for  integration  times  from  1  to 
30  seconds  [1]  [2]. 

The  loss  tangent  decreases  rapidly  as  the  temperature  is 
reduced,  giving  quality  factors  rising  from  3T0^  at  300K,  to 
5- 10^  at  77K,  and  exceeding  10^  at  4.2K.  The  low  losses  of 
sapphire  may  be  exploited  in  several  different  ways.  Large  high 
mode  number  resonators  may  be  used  in  which  radiative  losses 
are  negligible.  Alternatively,  fundamental  mode  resonators  may 
be  shielded  using  a  superconductor.  Neither  of  these 
configurations  is  convenient.  The  first  is  large  and  bulky,  while 
the  second  restricts  operation  to  temperatures  for  which  the 
shield  is  superconducting,  which  also  contributes  a  significant 
loss.  The  third,  and  in  our  opinion  optimum  configuration, 
trades  of  wall  interactions  with  physical  size.  The  sapphire  is 
shaped  as  a  spindle,  and  mounted  with  a  spacing  of  several 
evanescent  field  scale  lengths  from  the  walls.  Typically  these 
resonators  are  used  with  azimuthal  mode  numbers  between  5 
and  10. 

This  work  extends  the  sapphire  resonator  technology  to  a 
tunable  frequency  source.  The  sapphire  spindle  is  replacel  by  a 
mushroom,  and  a  small  tuning  disk  is  adjusted  to  tune  the 
resonant  frequency.  Due  to  the  high  mode  number  and  hence 
large  number  of  modes  present,  a  reasonable  fraction  of  the  X- 
band  spectrum  may  be  assessed  by  such  a  resonator. 


Construction 

Construction  of  the  T-SLOSC  under  investigation  has  been 
illustrated  previously  [3].  The  hcan  of  this  resonator  is  a 
cylindrical  sapphire  mushroom  and  a  tuning  disk  inside  a 
cylindrical  niobium  cavity.  The  sapphire  disk  affects  the 
evanescent  field  outside  the  sapphire,  and  perturbs  its  resonant 
frequency.  Tuning  is  achieved  by  a  stepper  motor  that  is 
capable  of  cryogenic  operation.  Three  niobium  loop  probes  are 
used  to  couple  to  the  cavity,  stepper  motors  attached  to  the 
probes  are  used  to  vary  this  coupling. 

The  feedback  loop  for  the  T-SLOSC  must  be  designed  so 
that  mode  selection  is  possible  over  the  required  range  of 
tuning.  Two  cryogenic  amplifiers  and  a  cryogenic  varactor 
phase  shifter  are  situated  in  the  vacuum  can  with  the  T-SLOSC. 
The  feedback  loop  comprises  of  these  cryogenic  components, 
together  with  a  tunable  room  temperature  filter  for  mode 
selectivity.  Mode  selection  was  shown  to  be  possible  with  just 
phase  shift  for  a  compact  loop  at  room  temperature.  Thus  an  all 
cryogenic  loop  may  be  possible,  however  the  versatility 
required  for  the  initial  experiments  made  this  not  possible. 

A  two  mode  vibration  isolation  system  was  designed  to 
eliminate  excessive  low  frequency  vibrations,  and  still  give  a 
significant  attenuation  at  700  Hz.  It  comprises  of  an 
intermediate  mass  attached  via  leaf  springs  to  the  top  plate  of 
the  vacuum  can,  and  the  T-SLOSC  in  the  same  way  attached  to 
the  intermediate  mass. 

Mode  Analysis 

Previous  work  has  enabled  us  to  identify  the  mode  families 
in  a  cylindrical  piece  of  sapphire  [4],  at  4.2  K  two  modes  at 
10.22  GHz  and  10.44  GHz  were  identified  to  be  quasi 
TEg  1  ]+5  and  quasi  TMg  j  1+5  respectively.  Exploring  the 
performance  of  the  T-SLOSC  oscillator  constructed,  we  have 
concentrated  on  the  10.22  GHz  mode  which  has  an  unloaded  Q 
of  about  109  [3]. 

Tuning  ranges  may  be  predicted  by  calculating  the  resonant 
frequency  of  the  cylindrical  resonator  with  height  h  and  h+t. 
For  the  10.22  GHz  mode,  94  MHz  is  predicted  which  is 
consistent  with  measurement.  From  table  I  we  can  see  that 
modes  with  greater  axial  mode  number  p  have  larger  tuning 
ranges. 

Frequency  shifts  with  temperature  are  predicted  by  the 
change  in  dielectric  constant,  which  is  the  dominant  effect. 
Calculations  agree  favorably  with  experiment.  TM  nKides  have 
a  larger  frequency  shift  with  temperature  than  TE  modes, 
because  the  permittivity  parallel  to  the  c-axis  changes  more  than 
the  permittivity  perpendicular  to  the  c-axis  (see  table  1). 
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Fig.  1.  Tuning  curve  for  the  quasi  TE^  j  mode,  with  a  schematic  of 
the  T-SLOSC. 


TE 

Modes 

m,n,p+8 

Predicted 
Frequency 
@  290  K  (GHz) 

Experimenul 
Frequency 
@  290  K  (GHz) 

Predicted 
Frequency  Shift 
@4K  (MHz) 

Predicted 
Tuning  Range 

(MHz) 

8,1,0 

11.921 

11.911 

95.9 

20.6 

7,1,0 

10.828 

10.809 

74.3 

22.4 

6,1,0 

9.712 

9.688 

66.5 

25.1 

S,  1,0 

8.586 

8.553 

58.9 

28.5 

7,1,1 

11.223 

11.220 

79.0 

85.6 

6,1,1 

10.154 

10.151 

71.8 

943 

5,1,1 

9.087 

9.090 

64.5 

104.8 

TM 

Modes 

m,n,p+8 

10,1,0 

11.890 

11.888 

131.9 

24.8 

9,1,0 

10.909 

10.882 

114.2 

21.1 

8,1,0 

9.917 

9.888 

107.7 

28.0 

7.  1.0 

8.920 

8.887 

96.9 

30.0 

9,1,1 

11.289 

11.320 

121.8 

90.6 

8,1,1 

10.336 

10.368 

110.3 

98.6 

7,1,1 

9.384 

9.415 

99.9 

108.2 

Aii* 

8.436 

8.463 

88.9 

120.7 

Table  1 .  Theoretical  and  experimental  comparisons  of  the  foui-  lowest  order 
in  p,  mode  families. 


Vibration  Isolation 

Vibrations  cause  movement  of  the  tuning  plunger,  probes 
and  walls  with  respect  to  the  sapphire  resonator.  These 
vibrations  will  modulate  the  loop  oscillator  signal  and  manifest 
as  phase  noise.  A  one  dimensional  model  of  the  isolation 
system  designed  is  shown  in  fig.  2. 

The  transfer  function  X2  /  Xg,  of  this  system  has  been 
modelled  and  is  shown  in  fig.  3.  We  measure  the  intermediate 
mass  and  T-SLOSC  mass  to  be;  mj  =  2.9  kg  and  m2  =  5.95  kg 
respectively.  Also  we  calculate  from  the  leaf  spring  properties 
that;  f]  =  1 17  Hz  and  f2  =  167  Hz.  The  transfer  function  in  fig. 

3  is  calculated  with  Qi,2  =  5. 


■  Top  Plate 
of  Vacuum  Can 

fl.2  = 

Intermediate 

Mass 

Q;.2= 


T-SLOSC 


(ki.ymi,2)'^ 


1.2 1.2)'^ 
*’1,2 


Fig  2.  One  dimensional  model  of  isolation  system. 


Fig.  3.  Predicted  transfer  function  of  vibration  isolation,  from  top  plate  to 
T-SLOSC. 

Large  low  frequency  vibrations  have  previously  limited  the 
useful  tuning  range.  The  current  isolation  is  stiff  enough  to 
limit  low  frequency  vibrations,  while  still  achieving  50  dB 
attenuation  at  700  Hz. 

Phase  Noise  Measurement 

A  tunable  reference  oscillator  is  constructed  by  mixing  a 
fixed  frequency  SLOSC  with  a  HP  8662A  synthesizer.  The 
noise  floor  of  the  synthesizer  was  measured  to  be  between  - 140 
dBc  and  -135  dBc.  Forth  coming  results  reveal  that  amplifier 
flicker  noise  is  present  above  this  level,  hence  the  reference 
oscillator  below  suffices  for  these  measurements.To  reduce  the 
effects  of  flicker  noise  in  the  reference  oscillator  we  have 
configured  a  cooled  SLOSC  with  just  one  high  gain  narrow 
band  amplifier  in  the  feed  back  loop,  also  the  signal  is  taken  out 
of  the  filtered  port. 


Systron  Donner 


AMF-5S-80I2 


Fig.  4.  Reference  Oscillator  Circuit 
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The  circuit  shown  in  fig.  5  shows  the  configuration  used 
to  construct  a  compact  loop  oscillator,  where  just  the  phase 
condition  is  successful  in  distinguishing  modes  of  oscillation. 
This  is  useful  as  the  feedback  loop  may  be  kept  cold,  and 
modes  may  be  selected  by  just  an  external  voltage  control. 
However  to  keep  the  circuit  versatile  at  cryogenic  temperatures 
we  must  be  able  to  move  the  probes  to  adjust  couplings.  This 
requires  the  use  cf  thin  flexible  pieces  of  coaxial  cable.  Once 
they  are  added  just  phase  shift  alone  is  no  longer  good  enough 
to  distinguish  between  electromagnetic  modes.  Hence  it  was 
necessary  to  include  a  tunable  wavemeter  filter  at  room 
temperature  in  the  feed  back  loop.  The  extra  attenuation 
supplied  by  the  room  temperature  part  of  the  loop  requires  that 
two  ampiifiers  must  be  used  in  the  loop.  Measurements  at  77  K 
and  40  K  made  use  of  two  cryogenic  amplifiers,  however  at 
4.2  K  one  of  the  amplifiers  failed  and  it  was  necessary  to 
include  a  room  temperature  amplifier  in  the  feedback  loop. 


..DBM  I  output  lO.lSGHi’^  6niw 


reference 

oscillator 


Ext  IF 


y  Y 

n  \ 

IF  1 

[ 

T-SLOSC 
Miieq  AMF-80I2-CRYO| 


Wavemeter 

Filter 


Miteq  AFST4K 


0-30V 

Voltage  controlled  phase  shifter 


0-30V 

Voltage  controlled  phase  shifter 


Fig.  5.  Schematic  of  a  compact  room  temperature  circuit,  where  all  modes 
between  9.65  and  10.25  GHz  could  be  selected  by  just  controlling  the 
voltage  controlled  phase  shifter. 


For  the  phase  noise  measurements  described  below,  we 
determine  that  the  flicker  noise  in  the  amplifiers  is  the  dominant 
effect.  When  flicker  noise  is  dominant,  the  flicker  noise  level  at 
1  Hz  due  to  the  amplifiers,  is  given  by  Eq.  1  [5|. 


S{,(Amps.  @  1  Hz) 


S.5(Osc,  @  1  Hz) 

waf 


(1) 


Fig  6.  Configuration  of  the  room  temperature  phase  noise  measurement 
setup.  To  the  left  of  the  dashed  line  is  component  outside  the  experimental 
vacuum  can,  and  to  the  right  arc  components  inside  the  experimental 
vacuum  can. 


Fig  7.  SSB  phase  noise  of  the  T-SLOSC  oscillator  set  up  in  fig.  6.  a  ; 
Phase  noise  with  a  high  loop  gain  in  the  PLL.  b;  The  effect  of  decreasing 
the  PLL  loop  gain,  c  :  The  cxuapolated  phase  noise  disregarding  the  effects 
of  the  PLL. 


where  Af  is  the  bandwidth  of  the  resonator. 

The  phase  noise  measurements  therefore  allow  us  to  determine 
the  level  of  flicker  noise  in  the  feedback  loop  using  Eq.  1. 

Phase  Noise  Results 

Room  Temperature 

The  set  up  for  room  temperature  measurements  is  shown 
in  fig.  6.  Phase  noise  results  are  given  in  fig.  7. 


This  measurement  was  achieved  with  the  T-SLOSC 
oscillating  on  the  TE^  ,  i.,5  mode  at  10.15  GHz,  which  had  a 

loaded  Q  of  1.3- 10^.  From  Eq.  1,  and  fig.  7,  we  determine 
that;  S.j(Amps.  @  1  Hz)  =  -  84  dBc. 

Liquid  Nitrogen  Temperature 

The  set  up  for  liquid  nitrogen  temperature  measurements  is 
shown  in  fig.  8.  Phase  noise  results  are  given  in  fig.  9. 

At  77K  the  TEj  ,  mode  is  split  into  a  doublet  pair,  at 
10.21966  and  10.21957  GHz,  with  loaded  Q  values  of 
2.2- 10^  and  7.6- 10^  respectively.  The  phase  noise 
measurement  in  fig.  9  was  taken  while  oscillating  on  the  lower 
Q  mode.  From  Eq.  1 ,  and  fig.  7,  we  determine  that;  SgfAmps. 
(®  1  Hz)  =  -  96  dBc. 


497 


T-SLOSC 


22Jil 


Miieq  AMF-8012-CRYO 


Wavemeter 
'  Filler 


Voltage  controlled  phase  shifter, 


Fig  8.  Configuration  of  the  room  temperature  phase  noise  measurement 
setup. 


Fig  10.  SSB  phase  noise  of  the  T-SLOSC  oscillator  at  40  K.  a  ;  Flicker 
noise  within  the  band  width  of  the  resonator,  with  30  dB  per  decade  roll  of 
b;  Flicker  noise  outside  the  band  width  of  the  resonator,  with  10  dB  per 
decade  roll  of  c  ;  Noise  floor  of  the  HP  8662A  synthesizer. 


From  Eq.  1,  and  fig.  7,  we  determine  that;  S^CAmps.  @  1 
Hz)  =  -  96  dBc. 


Liquid  Helium  Temperanire 

At  liquid  helium  temperature  the  Miteq  AMF-8012-CRYO 
amplifier  failed.  This  port  was  thus  decoupled  from  the 
oscillator.  A  room  temperature  amplifier  was  combined  with 
the  tunable  wavemeter  filter  to  complete  the  feedback  loop  with 
the  two  remaining  ports.  A  directional  coupler  was  placed 
before  the  amplifiers  so  the  filtered  signal  was  measured. 

Oscillation  was  achieved  on  the  higher  Q  mode  of  the 
doublet.  The  loaded  Q  was  measured  to  be  1.5- 10®  and 
frequency  10.22107  GHz. 


Fig  9.  SSB  phase  noise  of  the  T-SLOSC  oscillator  set  up  in  fig.  8.  a  ; 
Ricker  noise  within  the  band  width  of  the  resonator,  with  30  dB  per  decade 
roll  of  b;  Ricker  noise  outside  the  band  width  of  the  resonator,  with  10  dB 
per  decade  roll  of  c  ;  Noise  floor  of  the  HP  8662A  synthesizer. 


40  K 

As  the  experiment  shown  in  fig.  8  warmed  up,  at  about 
40K  with  no  liquid  helium  left  sr.  -hi  dewar,  the  phase  noise 
was  measured  (fig.  10).  The  T-.'^LOSC  was  oscillating  on  the 

lower  Q  mode  (Q  =  5- 10* ),  at  10.2209  GHz. 


Fig  1 1.  SSB  phase  noise  of  the  T-SLOSC  oscillator  at  liquid  helium 
temperature,  a ;  Ricker  noise  outside  the  band  width  of  the  resonator,  with 
10  dB  per  decade  roll  of. 
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Conclusion 


Fig  12.  SSB  phase  noise  of  ihe  T-SLOSC  oscillaloral  liquid  helium 
temperature  when  raised  on  springs,  a  ;  Flicker  noise  within  the  band 
width  of  the  resonator,  with  30  dB  per  decade  roll  of  b;  Flicker  noise 
outside  the  band  width  of  the  resonator,  with  10  dB  per  decade  roll  of. 

When  the  dewar  is  raised  on  soft  springs  the  low 
frequency  spectrum  disappeared.  Due  to  a  leak  in  the 
experimental  can  a  backing  pump  was  continually  running,  the 
increase  in  tension  in  the  rubber  connection  seemed  to  enhance 
frequencies  between  20  and  300  Hz.  When  the  pump  was 
turned  off  this  spectrum  was  seen  to  disappear,  however  the 
frequency  drift  due  to  the  leak  was  enough  to  inhibit  a  phase 
noise  measurement  with  the  pump  off.  It  is  interesting  to 
compare  the  structure  of  the  low  frequency  noise  in  fig.  12 
with  the  theoretical  transfer  function  (fig.  3)  of  the  vibration 
isolation  designed.  This  is  strong  evidence  that  the  vibration 
isolation  works  as  designed. 

From  Eq,  1,  and  fig.  1 1,  we  determine  that;  S^(Amps.  @ 
1  Hz)  =  •  91  dBc.  This  is  worse  than  the  40K  and  77K  results 
due  to  the  room  temperature  amplifier  that  was  required  in  the 
feedback  loop. 


Discussion 

The  reference  oscillator  is  practically  an  absolute  oscillator 
for  the  room  temperature,  77K  and  40K  results.  However  the 
noise  floor  of  the  HP  8662A  synthesizer  at  77K  and  40  K  can 
be  seen  at  frequencies  greater  than  10  kHz.  At  these 
frequencies  the  flicker  noise  at  4.2K  is  higher  than  this  noise 
floor.  This  means  that  we  are  seeing  the  phase  noise  of  the  T- 
SLOSC.  This  extra  phase  noise  is  due  to  the  inclusion  of  a 
room  temperature  amplifier. 

The  noise  floor  of  the  SLOSC  oscillator  part  of  the 
reference  oscillator,  was  never  seen.  This  is  because  it  only 
uses  one  amplifier.  The  T-SLOSC  uses  two,  which  means  the 
second  amplifier  will  operate  highly  saturated,  and  will  be 
susceptible  to  non  linear  upconversions  of  low  frequency 
noise. 

With  one  amplifier  in  the  feedback  loop  we  should  be  able 
to  limit  the  flicker  noise  effect  on  the  oscillator.  We  estimate 
that  -120  dBc/Hz  to -130  dBc/Hz  flicker  noise  may  be 
achievable  [6),  either  by  using  a  single  cryogenic  GaAsFET 
amplifier  or  a  bipolar  transistor.  This  would  give  us  a  SSB 
phase  noise  of  - 1 50  dBc  to  - 1 60  dBc  at  1  kHz. 


We  have  successfully  built  and  understood  a  cryogenic 
tunable  X-band  source  with  a  SSB  phase  noise  of  -120  dBc  at 
1  kHz.  By  reconfiguring  this  oscillator  we  expect  to  be  able  to 
construct  a  oscillator  with  a  SSB  phase  noise  between  -150  to  - 
160  dBc  at  1  kHz. 
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Abstract 


The  required  laser  frequency  stability  for  a  co¬ 
herent  optical  receiver  is  analyzed  for  both  data  com¬ 
munication  and  Doppler  tracking  applications.  The 
analysis  indicated  that  the  short  term  frequency  sta¬ 
bility  of  diode-pumped  solid  state  laser  can  easily  meet 
the  requirement  for  coherent  data  communication 
channel  if  the  data  rate  exceeds  10  kbps.  Coherent 
phase  tracking  loop  can  potentially  be  implemented 
with  received  signal  power  as  low  as  several  fW.  The 
required  signal  power  of  the  phase  locked  receiver  can 
be  further  reduced  provided  that  both  transmit  and 
LO  lasers  can  be  stabilized  to  an  external  reference. 
The  long  term  frequency  stability  requirement  is  de¬ 
rived  for  a  Doppler  tracking  subsystem.  The  results 
indicated  that  long  term  laser  frequency  stability  bet¬ 
ter  than  one  part  in  10*®  will  be  required  to  provide  a 
performance  comparable  to  that  which  is  projected  at 
Ka  band. 

I.  Introduction 

Coherent  heterodyne  optical  communication 
technology  can  provide  improved  receiver  sensitivity 
compared  to  direct  detection  systems  [1-2].  By  ampli¬ 
fying  the  weeik  incident  signal  with  a  strong  local  oscil¬ 
lator  (LO)  output,  the  system  csui  effectively  get  above 
the  thermal  noise  limit  2ind  achieve  near  quantum- 
limited  detection  sensitivity.  Since  the  spectral  filter¬ 
ing  is  performed  at  the  intermediate  frequency,  where 
the  bandwidth  can  be  much  more  selective,  hetero¬ 
dyne  reception  offers  a  better  background  noise  rejec¬ 
tion  capability.  The  bandwidth  selective  nature  of  the 
coherent  receiver  can  also  lead  to  a  more  efficient  use 
of  the  optical  spectrum  and  the  potential  of  multiple- 
access  communications  over  a  single  lasing  bandwidth. 
The  performance  of  the  communication  channel  can  be 
further  improved  with  the  use  of  frequency  and  phase 
encoding  schemes. 

In  order  to  achieve  phase  coherent  reception 
with  the  low  received  signal  power  projected  for  a 


space-to-space  link,  however,  stringent  demands  must 
be  placed  on  the  frequency  stability  of  both  the  trans¬ 
mit  and  local  oscillator  lasers.  Semiconductor  lasers, 
because  of  their  large  linewidth  enhancement  factor, 
typically  have  linewidths  on  the  order  of  several  MHz 
[3].  Coherent  phase  tracking  loops  for  diode-laser 
based  systems  will  therefore  require  severaJ  megahertz 
of  bandwidth  and  demand  a  minimum  signal  power  on 
the  order  of  1  nW.  However,  the  low  signal  power  ex¬ 
pected  from  some  free-space  links  precludes  the  use  of 
high  bandwidth  phase  tracking  loops.  Recently,  with 
the  advances  in  diode-pumped  solid  state  laser  tech¬ 
nology,  sub-KHz  linewidth  frequency  stabilized  lasers 
have  been  developed  [4-5].  The  high  spectral  purity  of 
the  frequency  stabilized  solid  state  laser  is  very  desir¬ 
able  in  applications  such  as  free-space  optical  commu¬ 
nications,  where  synchronization  and  retrieval  of  the 
received  signal  phase  in  the  presence  of  weak  incident 
signal  power  is  required. 

In  addition  to  data  communications,  the  poten¬ 
tial  of  obtaining  high  frequency  stability  at  the  op¬ 
tical  frequency  can  also  improve  spacecraft  naviga¬ 
tion.  Current  speicecraft  navigation  relies  heavily  on 
the  two-way  Doppler  tracking  technique  to  measure 
the  spacecraft  velocity  [6].  In  a  two-way  Doppler  mea¬ 
surement,  the  uplink  signal  is  coherently  received,  mul¬ 
tiplied,  and  retransmitted  by  the  spacecraft.  On  the 
ground  station,  the  frequency  and  phase  of  the  up  and 
down  link  signals  are  compared,  and  the  Doppler  shift 
in  frequency  is  calculated.  The  dominating  source  of 
error  for  the  RF  Doppler  measurement  technique  is 
the  phase  noise  introduced  by  the  plasma  scintillation 
as  the  signal  passes  through  the  chcurge  particle  region 
near  the  Sun.  Since  the  charge  p£irticle  effect  decreases 
as  the  square  of  carrier  frequency,  the  optical  signal  is 
inherently  less  sensitive  to  the  charge  particle  effect. 
Consequently,  an  optical  carrier  capable  of  achieving 
similar  frequency  stability  to  current-day  RF  system 
can  potentially  offer  significant  improvement  in  space¬ 
craft  navigation  capabilities. 
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Fig.l  Block  diagram  of  a  linearized  phase-locked  loop 
showing  various  noise  sources  that  affect  loop 
performance. 

The  purpose  of  this  paper  is  to  outline  the  re¬ 
quirements  for  laser  frequency  stability  for  both  data 
communication  and  Doppler  tracking.  The  paper  will 
be  structured  as  follows.  In  Section  2,  a  brief  overview 
of  the  coherent  receiver  will  be  provided.  The  appli¬ 
cation  of  the  phase  coherent  reception  in  data  com¬ 
munication  will  be  addressed,  and  the  required  signal 
power  level  needed  to  achieve  phase  coherent  reception 
will  be  calculated  based  on  the  laser  frequency  noise 
model  measured  for  the  Lightwave^*^*  lasers.  For  data 
communications,  it  is  the  short  term  stability  of  the 
lasers  that  is  of  primary  concern.  The  issues  related 
to  the  short  term  frequency  stability  will  be  addressed 
in  Section  3.  The  long  term  frequency  stability  prob¬ 
lem  and  its  requirements  in  Doppler  measurement  will 
be  addressed  in  Section  4. 

11.  Coherent  Carrier  Phase  Tracking 

In  general,  coherent  reception  is  accomplished 
by  synchronizing  the  a  local  reference  with  the  incom¬ 
ing  carrier  using  a  receiver  phase-locked  loop  (PLL) 
[7-8].  The  carrier  is  then  mixed  with  the  reference  to 
recover  the  ba,3eband  data  stream.  Shown  in  Figure  1 
is  a  simplified  block  diagram  of  the  phase  locked  loop. 
The  PLL  consists  of  a  phase  detector,  a  loop  filter,  and 
a  voltage  controlled  oscillator  (VCO).  The  phase  de¬ 
tector  compares  the  phase  between  the  incoming  car¬ 
rier  and  the  local  oscillator  (LO)  output  and  outputs 
a  signal  that  is  proportional  to  the  phase  error.  This 
error  signal  is  then  filtered  by  a  loop  filter  F{s)  and 
fed  back  into  a  VCO  with  tuning  constant  Ky. 

The  application  of  PLL  in  RF  communication 
.systems  has  been  analyzed  extensively  [7-8].  Several 
studies  have  also  been  conducted  for  optical  PLLs[9- 
11].  The  PLL  performance  is  affected  by  the  noises 


present  in  the  tracking  loop.  For  an  optical  PLL,  the 
noise  sources  include  the  additive  noise  in  the  detection 
process  and  electronics,  n(<),  the  oscillator  frequency 
noise,  and  the  noise  introduced  by  the  modula¬ 

tion  on  the  carrier,  m(f).  It  is  generally  assumed  that 
the  tracking  loop  bandwidth  is  small  compared  to  the 
data  rate  such  that  the  modulation-induced  noise  is 
negligible.  Furthermore,  when  the  loop  is  operating 
in  the  linear  region,  the  effects  of  each  noise  can  be 
determined  separately  and  combined  to  obtain  the  net 
results  [8].  The  total  phase  error  variance  is  therefore 
given  by 

(1) 

where  are  phase  error  variances  due  to  addi¬ 

tive  noise  and  oscillator  frequency  noise,  respectively. 

The  additive  noise  n(<)  in  the  loop  is  due  primar¬ 
ily  to  the  local  oscillator  shot  noise  and  pre-amplifier 
thermal  noise,  and  can  be  modelled  as  an  additive 
white  Gaussian  noise  process  with  power  spectral  den¬ 
sity  (PSD)  Nq.  When  the  LO  is  sufficiently  strong,  the 
LO  shot  noise  is  generally  the  dominating  source  of  ad¬ 
ditive  noise.  The  phase  error  variance  contributed  by 
the  additive  noise  can  be  written  as  [8] 

<  =  ^  Nodf  =  (2) 


where  A  is  the  baseband  signal  amplitude,  H\(s)  is  the 
closed  loop  transfer  function,  and  the  parameter  Bl  is 
the  one  sided  loop  bandwidth  defined  by 


Bl 


\B^U2l^f)V  df  . 


(3) 


The  closed  loop  transfer  function  Hi(s)  is  related  to 
the  tuning  constant  of  the  VCO,  AV  and  the  filter 
transfer  function,  F(s)  by  by  [8], 


AKyFjs 
s  -F  AKyF(s) 


(4) 


For  a  shot  noise  limited  receiver,  the  signal  to  noise 
ratio,  A^/2No  can  be  related  to  the  input  signal  power 
by 

Ay2No  =  ,  (5) 

nu 

where  ■qhft  is  the  receiver  heterodyne  efficiency,  r/o  is 
the  detector  quantum  efficiency,  Pg  is  the  incident  sig¬ 
nal  power,  and  hv  is  the  photon  energy. 

The  effect  of  oscillator  frequency  noise  can  also 
be  analyzed  betsed  on  the  simplified  loop  block  diagram 
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shown  in  Fig.  1  [8].  The  transfer  function  from  //v(0 
to  is  related  to  H\{s)  by 

H2{s)  =  [1-H:{s)]-^,  (6) 

and  the  phase  error  vari2ince  contributed  by  the  fre¬ 
quency  noise  can  be  written  as 

fCO 

<^1,  =  /  \H2U^nf)\^Sj{f)df  ,  (7) 

Jo 

where  Sj{f)  is  the  power  spectral  density  of  the  oscil¬ 
lator  frequency  noise. 

In  general,  the  short  term  frequency  noise  of 
lasers  consists  of  three  major  components:  a  1//  or 
l/P  noise  at  low  frequencies,  a  white  frequency  noise, 
and  spectral  peedcs  that  correspond  to  relaxation  oscil¬ 
lations  at  higher  frequencies.  For  semiconductor  laser- 
based  PLLs,  it  is  generally  assumed  that  the  tracking 
loop  bandwidth  is  sufficiently  wide  to  track  out  the 
low  frequency  noises.  The  relaxation  oscillation  peaks 
are  usually  at  a  frequency  much  higher  than  the  track¬ 
ing  loop  bandwidth  such  that  their  effect  on  the  loop 
performance  can  be  ignored.  As  a  result,  the  white 
frequency  noise  dominates  the  phase  tracking  response 
of  the  loop.  Typical  semiconductor  lasers  have  white 
frequency  noise  floor  as  high  as  several  MHz  [3], 

In  contrast,  diode-pumped  solid  state  lasers 
have  been  shown  to  possess  superior  frequency  stabil¬ 
ity  [3], [12].  The  relaxation  oscillation  is  located  at  sev¬ 
eral  hundred  kHz  that  makes  electronic  feedback  com¬ 
pensation  possible.  Furthermore,  frequency  noise  mea¬ 
surement  conducted  using  Lightwave^^  Model  120-01 
lasers  have  shown  that  diode-pumped  lasers  have  an 
inherent  low  white  frequency  noise  approaching  the 
Schawlow-Townes  limit.  The  measured  frequency  noise| 
power  spectral  density  of  the  Lightwave  lasers  is  shown 
in  Fig.  2  [12].  The  spectral  peak  at  400  Hz  is  due  to 
the  FM  calibration  signals.  Also  shown  in  the  figure  is 
an  empirical  model  of  the  laser  frequency  noise  consist¬ 
ing  a  white  component,  a  1//  component,  and  a  1//^ 
component.  Unlike  semiconductor  lasers  for  which  the 
white  frequency  noise  dominates  the  frequency  noise 
PSD,  frequency  stability  of  diode-pumped  solid  state 
lasers  are  dictated  by  the  low  frequency  noise  compo¬ 
nents.  Furthermore,  the  magnitude  of  the  white  fre¬ 
quency  noise  is  measured  to  be  less  than  0.2  Hz^/Hz. 

Based  on  the  measured  frequency  noise  shown 
in  Fig.  2,  the  PSD  of  the  laser  frequency  noise  can  be 
modelled  as 

5/(/)  =  ^0  + j  +  ^  .  (8) 


Fig.2  Measured  power  spectral  density  of  the  fre¬ 
quency  noise  of  Lightwave  Model  120-01 A  lasers. 
Also  shown  in  the  figure  is  the  approximated 
frequency  noise  PSD  including  1//  and  1//^ 
noises. 

The  presence  of  1//  and  1//*  poles  suggests  that 
tracking  loops  with  compensating  zeroes  at  dc  are 
needed  to  effectively  track  out  the  low  frequency  fluc¬ 
tuations.  For  our  analysis,  it  will  be  assumed  that  a 
perfect  second  order  loop  is  used  to  compensate  for  the 
frequency  poles.  A  perfect  second-order  loop  has  the 
advantage  of  being  unconditionally  stable  [7,8].  The 
unconditional  stability  ensures  that  the  loop  perfor¬ 
mance  is  less  sensitive  to  small  parameter  changes. 
Furthermore,  a  perfect  second  order  loop  can  track  a 
constant  Doppler  signal  without  a  static  phase  offset, 
and  is  thus  much  less  sensitive  to  both  the  Doppler 
change  and  long  term  frequency  drift  of  the  lasers.  Fi¬ 
nally,  a  perfect  second  order  loop  has  a  theoretically 
infinite  pull-in  range  [8],  and  can  thus  allow  a  more  ef¬ 
ficient  phase  acquisition.  The  treinsfer  function  of  the 
loop  filter  is  given  by 

f(s)  =  1^  .  (9) 

TiS 

By  substituting  the  noise  model  in  Eq.(8)  and 
the  filter  transfer  function  into  Eq.(7),  the  phase  error 
variance  due  to  frequency  noise  can  be  calculated  in 
closed-forms.  The  results  are: 

('ll  =  *oSo(C)^  +  +  *2P2(C)^  (10) 
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where  </o(C).  9i(C).  and  fl2(C)  are  defined  by  [13] 

4C2  +  1 


30(0  =- 


64(2 


9i(Q=< 


^.(C  =  1) 

(4CVl)" 

256(»v^l-(» 


(C<  1) 


ff2(C)  = 


)r2(4C^  +  1)3 


1024<:‘‘ 

respectively.  The  damping  factor,  (,  is  given  by  [8] 


1  Ir^AKy 

^  2V  n 


(14) 


Eq.(lO)  suggests  that,  given  the  choice  of  perfect  sec¬ 
ond  order  loop  filter,  the  loop  architecture  can  be  de¬ 
termined  by  its  bandwidth  and  the  damping  ratio. 


The  choice  of  damping  factor  can  be  made  by 
inspecting  the  values  of  the  relative  weight  of  func¬ 
tions  5o(C),  ffi((),  and  52(0.  Plotted  in  Fig.  3  are 
values  of  these  functions  versus  the  damping  factor, 
(.  For  a  given  loop  bandwidth,  tracking  loops  with 
damping  factor  less  than  0.5  would  result  in  a  much 
higher  phase  tracking  error  variance  than  loops  with 
damping  factor  greater  than  0.5.  Furthermore,  de¬ 
pending  on  the  relative  weight  of  different  frequency 
components,  the  damping  factor  czui  be  chosen  which 
minimizes  the  frequency  noise  contributions  to  output 
phase  error  variance. 


Given  the  loop  damping  factor,  the  performance 
of  the  phase-locked  loop  can  be  calculated  from  Eqs.(2) 
and  (10)  as  a  function  of  the  loop  bandwidth  and 
signal-to-noise  ratio.  Shown  in  Figure  4  are  contri¬ 
butions  to  the  total  phase  error  variance  from  each  of 
the  noise  components,  as  well  as  the  total  phase  er¬ 
ror  variance.  It  is  seen  from  Fig.  4  that  performance 
of  the  PLL  is  frequency  noise  limited  when  the  loop 
bandwidth  is  smeill.  This  is  because  small  loop  band- 
widths,  the  loop  admits  very  little  additive  noise,  but 
also  cannot  effectively  respond  to  input  frequency  fluc¬ 
tuations.  As  the  loop  bandwidth  increases,  the  phase 
error  variance  decreases  as  more  frequency  fluctuation 
is  tracked  out  by  the  loop.  At  higher  loop  bandwidths, 
the  loop  becomes  additive  shot  noise  limited  and  the 
phase  error  variance  begins  to  increase  with  increasing 
loop  bandwidth.  Consequently,  an  optimal  loop  band¬ 
width  exists  which  minimizes  the  phase  error  variance. 


DAMPING  FACTOR  (0 


Fig.  3  Relative  weights  of  the  ^/-functions  versus  the 
loop  damping  factor  of  the  loop.  For  (  <C  0.5 
the  loop  is  sensitive  to  the  frequency  noise. 


Furthermore,  the  optimcd  loop  bandwidth  increases  as 
the  SNR  increases.  This  is  because  at  higher  SNR,  bet¬ 
ter  tracking  performance  can  be  obtained  by  widening 
the  loop  bandwidth. 

III.  Short  Term  Frequency  Stabilization 

As  was  mentioned  in  the  previous  section,  the 
performance  of  the  PLL  is  frequency  noise  limited  at 
small  loop  bandwidths.  Furthermore,  the  optimal  loop 
bandwidth  decreases  with  decreasing  signal-to-noise 
ratio.  For  applications  where  the  sign^d  power  is  at 
a  premium  such  as  in  a  deep-space  link,  the  low  avail¬ 
able  signal  power  implies  that  lasers  with  excellent  fre¬ 
quency  stability  will  be  needed  to  achieve  phase  coher¬ 
ent  communications. 

It  is  of  great  interest  to  determine  the  signal 
power  requirement  in  optical  phase  tracking.  By  as¬ 
suming  that  a  PLL  with  optimal  loop  bandwidth  is 
used  to  track  the  incoming  sign^Ll,  the  phase  error  vari¬ 
ance  can  be  cedculated  as  a  function  of  the  carrier  SNR. 
Shown  in  Figure  5  is  a  plot  of  the  optimal  phase  error 
variance  at  different  carrier  SNRs.  The  figure  was  gen¬ 
erated  by  assuming  that  the  transmit  and  LO  lasers 
have  a  combined  frequency  noise  spectrum  equal  to 
those  of  free-running  Lightwave  lasers.  It  is  seen  from 
Fig.  5  that  an  RMS  phase  tracking  error  of  0.3  rad 
can  be  achieved  with  a  carrier  SNR  of  40  dB-Hz.  If  it 
is  further  assumed  that  an  E^/No  of  0  dB  is  needed  to 
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LOOP  BANDWIDTH  (KHz) 

Fig. 4  Contributions  of  each  noise  components  to  the 
totad  phase  error  variance  versus  the  PLL  loop 
bandwidth  for  A^/Nq  of  70  dB-Hz.  The  fre¬ 
quency  noise  pairaemters  are  ko  =  0.2  Hz,  ki  = 
1.5  X  lO^Hz^,  and  *2  =  lO^Hz^. 


Fig.5  Optimal  rms  phase  error  variamce  versus  the  sig¬ 
nal  to  noise  ratio.  The  top  curve  is  generated 
for  PLL  operating  using  un-stabilized  laiser  with 
frequency  noise  shown  in  Fig.  1,  and  the  bot¬ 
tom  curve  is  generated  for  PLL  using  frequency 
stabilized  lasers 


effectively  decode  the  incoming  data,  it  follows  that  a 
10  kbps  link  can  easily  meet  the  signad  power  require¬ 
ment  for  coherent  phase  tracking.  The  absolute  power 
requirement  can  also  be  estimated.  By  assuming  that 
the  receiver  has  a  heterodyne  efficiency  of  50%  and  a 
detector  quantum  efficiency  of  50%,  it  is  seen  that  ade¬ 
quate  phase  locking  can  be  achieved  with  signal  power 
as  low  as  10  fW. 

The  performance  calculated  in  Fig.  5  was  for 
free-running  lasers  that  exhibit  large  1//  and  l/p 
frequency  noises.  As  can  be  seen  from  Eq.(lO),  the 
higher  order  frequency  contribution  decreases  rapidly 
with  increasing  frequency.  Consequently,  stabilization 
techniques  can  be  applied  which  effectively  compen¬ 
sates  for  these  noises.  Shown  in  Fig.  6  is  a  simplified 
block  diagram  of  a  frequency  stabilization  loop,  which 
consists  of  a  frequency  discriminator,  a  loop  filter,  and 
a  tunable  LO  laser.  The  resulting  Allan  variance  of 
the  stabilized  loop  can  be  calculated  as  [15] 


(15) 


where  r  is  the  measurement  interval,  Hj{s)  is  the 


Fig.6  Block  diagram  of  a  frequency  stabilization  loop 
showing  both  amplitude  and  frequency  noises. 


transfer  function  of  the  stabilization  loop,  is  the 
PSD  of  the  additive  noise,  and  G/  is  the  gain  of  the 
frequency  discriminator.  The  frequency  discriminator 
can  be  implemented  using  either  an  AM  scheme  in 
which  the  transmitted(reflected)  amplitude  near  a  res¬ 
onance  is  stabilized,  or  an  FM  sideband  technique  [14] 
in  which  the  phase  of  the  reflected  (transmitted)  signal 
from  a  resonance  is  detected. 

The  first  term  on  the  right  hand  side  of  Eq.(15) 
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is  the  residua]  frequency  error  due  to  incomplete  com¬ 
pensation  of  the  oscillator  frequency  noise.  The  fre¬ 
quency  stabilization  loop  also  introduce  additional  fre¬ 
quency  noise  since  any  amplitude  noise  at  the  VCO  in¬ 
put  will  result  in  a  frequency  deviation  at  the  oscillator 
output.  The  additive  noise  contribution  to  the  out¬ 
put  frequency  error  is  summarized  in  the  second  term 
on  the  RHS  of  Eq.(15).  Equivalently,  the  frequency 
stabilization  process  alters  the  output  frequency  spec¬ 
trum  of  the  laser  to  S'j{J)  =  |1  —  //y(/)p5y(/)  -f- 
A^>t|///(/)P/Gj.  As  was  in  the  case  of  carrier  phase 
tracking,  a  perfect  second  order  tracking  loop  is  de¬ 
sired  to  compensate  for  the  l/f  and  I//^  frequency 
poles. 


The  performance  of  the  frequency  stabilization 
loop  shown  in  Fig.  6  can  be  easily  analyzed  in  a  man¬ 
ner  similar  to  that  used  in  the  PLL  analysis.  It  can 
be  shown  that  the  additive  noise  contribution  increase 
with  increasing  loop  bandwidth,  whereas  the  effective 
frequency  error  due  to  the  frequency  noise  decreases 
with  increasing  loop  bandwidth.  For  systems  oper¬ 
ating  with  sufficiently  high  signal  to  noise  ratio,  the 
contribution  due  to  additive  noise  can  in  general  be 
ignored.  In  this  case  a  wideband  tracking  loop  may  be 
applied  to  provide  adequate  frequency  compensation. 
For  the  case  of  Lightwave^^  lasers,  calculation  shows 
that  an  Allan  deviation  of  approximation  1  Hz  can  be 
achieved  with  laser  power  as  low  as  1  mW  using  a  10 
kHz  trcu:king  loop. 


Since  the  phase  error  variance  is  dictated  by  the 
1//  and  1//^  poles  at  low  signal  power,  the  perfor¬ 
mance  of  the  PLL  can  be  significantly  improved  if  both 
transmit  and  loczil  oscillator  are  frequency  stabilized. 
If  it  is  further  assumed  that  the  stabilization  process 
effectively  removes  the  1//  and  Ifp  poles  such  that 
the  frequency  noise  consists  only  the  white  frequency 
noise  with  PSD  ibo,  then  the  optimal  phase  error  vari¬ 
ance  can  be  ,  'Jculated  eis 


<r 
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where  p  =  A^/Nq.  The  optimum  RMS  phase  tracking 
error  of  a  PLL  operating  with  ko  =  0.2Hz^/Hz  was  cal¬ 
culated  and  plotted  in  Fig.  5.  Compared  to  the  rms 
phase  error  for  systems  operating  with  un-stabilized 
lasers.  It  is  seen  that  significant  performance  improve¬ 
ment  can  be  expected  if  both  transmit  and  LO  lasers 
are  frequency  stabilized.  In  fact,  the  curve  in  Fig.  5 
suggests  that  an  adequate  tracking  performance  can  be 
expected  for  SNR  as  low  as  20  dB-Hz,  or  equivalently, 
a  signal  power  as  low  as  0.1  fW. 


IV.  Long  Term  Frequency  Stabilization 

In  addition  to  data  communications,  the  avail¬ 
ability  of  a  frequency  stabilized  reference  can  also  ben¬ 
efit  the  spcicecraft  navigation  effort.  Current  space¬ 
craft  navigation  techniques  rely  heavily  on  Doppler 
tracking  auid  range  measurements  to  determine  space¬ 
craft  position  and  velocity.  Doppler  signal  extraction 
typically  employes  the  two-way  meaisurement  tech¬ 
nique.  An  Earth-based  reference  station  transmits  a 
signal  to  the  spacecraft,  where  it  is  coherently  mul¬ 
tiplied  in  frequency,  re-transmitted,  and  subsequently 
received  at  the  original  transmitter  or  another  ground 
station.  The  two-way  technique  is  preferred  over  the 
one-way  measurement  because  the  stable  reference  os¬ 
cillator  is  more  easily  obtainable  on  the  ground.  For 
spacecraft  navigation  within  the  solar  system,  Doppler 
measurement  can  provide  5  of  the  6  parameters  de¬ 
scribing  the  spacecraft  location  and  velocity  [6].  The 
radial  distance  can  then  be  derived  by  integrating  the 
equation  of  motion  governing  the  spacecraft,  or  by  us¬ 
ing  a  ranging  code. 

In  order  to  perform  adequate  Doppler  tracking, 
the  reference  oscillator  must  remain  stable  over  a  time 
period  that  is  comparable  to  the  round  trip  light  time 
between  the  ground  station  and  spacecraft.  Currently, 
the  uncertainty  in  measuring  the  Doppler  signal  at  S 
band  (2.3  GHz)  is  limited  by  the  plasma  scintillation 
along  the  signal  path  to  approximately  one  part  in 
10**  over  60  seconds  of  integration  time  [16].  This 
uncertainty  is  several  orders  of  magnitude  larger  than 
that  which  is  introduced  by  the  oscillator,  and  is  also 
several  orders  of  magnitude  higher  than  other  system¬ 
atic  noises  such  as  tropospheric  scintillation.  Since  the 
effect  due  to  charge  particle  decreases  with  1//*  [17], 
the  uncertainty  in  Doppler  measurement  will  be  signif¬ 
icantly  lower  at  higher  carrier  frequencies.  In  fact,  the 
projected  Doppler  uncertainty  for  the  Caissini  sp2ice- 
craft,  which  operates  at  Ka  band  (32  GHz),  is  on  the 
order  of  10“*®  over  1,000  seconds  [17]. 

At  the  optical  frequencies,  the  charge  particle 
effect  can  be  pr^lctically  ignored;  although  the  tropo¬ 
spheric  attenuation  does  present  a  very  serious  prob¬ 
lem  at  optical  frequencies.  In  order  to  achieve  com¬ 
parable  accuracy  in  measuring  the  spacecraft  Doppler 
in  S  band,  long  term  frequency  stability  better  than 
one  part  in  10**  will  be  required.  In  the  future,  long 
term  frequency  stability  better  than  one  part  in  10’® 
will  be  required  to  meet  the  projected  Doppler  track¬ 
ing  capability  at  Ka  band.  Currently,  laser  frequency 
stabilization  using  a  stable  tuned  cavity  can  achieve 
a  drift  rate  of  approximately  1  Hz/sec  [19].  A  more 
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promising  long  term  stabilization  technique  is  via  sat¬ 
urated  absorption  to  ein  atomic  resonance  [18].  Both 
techniques  can  easily  achieve  the  goal  of  one  part  in 
10*^  [18],  although  more  research  is  needed  to  achieve 
a  stability  comparable  to  the  RF  oscillators. 

V.  Conclusions 

Coherent  space  communications  technology  of¬ 
fers  the  potential  of  significcintly  improved  data  com¬ 
munication  performances.  By  employing  a  phase  co¬ 
herent  receiver  aboard  the  spacecraft,  the  required  sig¬ 
nal  power  can  be  reduced  by  as  much  as  10-15  dB 
from  direct-detection  based  systems.  Furthermore,  a 
coherent  transponder  at  the  optical  frequency  can  of¬ 
fer  potential  improvement  in  Doppler  measurements 
and  spacecraft  navigation.  Analysis  indicated  that 
the  short  term  frequency  stability  of  diode-pumped 
solid  state  laser  can  easily  meet  the  requirement  for 
data  communication  channel  if  the  data  rate  exceeds 
10  kbps.  In  fact,  coherent  phase  tracking  can  poten¬ 
tially  be  implemented  with  received  signal  power  as 
low  as  several  fVV.  The  required  signal  power  of  the 
phase  locked  receiver  can  be  further  reduced  provided 
that  both  transmit  and  LO  lasers  can  be  stabilized  to 
stable  external  references. 

The  long  term  frequency  stability  requirement 
can  be  derived  for  a  spacecraft  Doppler  tracking  sub¬ 
system.  The  current  S  band  system  can  achieve  one 
part  in  10*^  accuracy.  This  performance  can  easily 
be  met  at  the  optical  frequency  since  the  dominat¬ 
ing  source  of  error,  namely  the  plasma  scintillation,  is 
practically  negligible  at  the  optical  frequency.  How¬ 
ever,  a  long  term  laser  frequency  stability  better  than 
one  part  in  10^®  will  be  required  to  provide  a  perfor¬ 
mance  comparable  to  that  which  is  projected  at  Ka 
band. 
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Abstract  -  We  describe  an  electronic  oscillator 
phase  stabilizer  based  on  a  fiber-optic  delay¬ 
line.  Excellent  agreement  between  calculated 
and  first  experimental  results  was  obtained  for 
this  fiber-optic  stabilized  electronic  oscillator 
(FOSO)  at  100  MHz  and  7.8  GHz. 
Expressions  are  derived  for  the  FOSO  phase 
noise  performance  and  optimum  fiber  length, 
based  on  the  noise  contributions  of  the  various 
components.  The  predicted  performance  of  the 
FOSO  expected  with  improved  s:stem 
components  is  also  calculated.  The  FOSO  is 
tunable  over  an  extremely  wide  frequency 
range,  with  phase  noise  performance  rivaling 
that  of  good  resonant-cavity  stabilized 
oscillators  which  are  constrained  to  narrow 
band  operation. 


Introduction 

The  fust  implementation  of  a  scheme  for  stabilization 
of  the  phase  and  frequency  fluctuations  in  the  output  of  an 
electronic  oscillator  by  using  an  ulua-stable  fiber-optic 
delay-line  is  reported.  The  principle  of  operation  of  the 
oscillator  is  similar  to  conventional  radio-frequency  (RF) 
coaxial  delay-line  stabilized  oscillators.  However,  the 
fiber-optic  stabilized  oscillator  (FOSO)  employs  an  ultra¬ 
stable  intensity  modulated  fiber-optic  link  as  the  delay¬ 
line,  similar  to  systems  used  in  the  JPL/NASA  Deep 
Space  Network  to  distribute  hydrogen  maser  reference 
frequencies  over  distances  of  up  to  29  kilometers  with 
fractional  frequency  stability  greater  than  lO'^^  for  1000 
second  averaging  times  [1].  In  the  FOSO,  the  use  of  a 
long,  stable,  fiber-optic  delay  at  RF  and  microwave 
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frequencies  provides  much  greater  sensitivity  to  frequency 
fluctuations  of  the  eiecuonic  oscillator,  compared  to 
conventional  coaxial  delay-line  implementations,  resulting 
in  greatly  improved  phase  stability. 

In  this  paper,  we  develop  an  analytical  model  for  the 
FOSO  performance,  based  on  the  open-loop  characteristics 
of  the  fiber-optic  delay-line  and  other  system  components. 
An  expression  is  derived  for  the  optimum  fiber  length  to 
be  used,  given  the  noise  parameters  of  the  system 
components.  The  predictions  of  this  model  are  then 
compared  with  the  results  of  the  first  experimental 
laboratory  trials,  and  are  shown  to  be  in  excellent 
agreement.  These  results  provide  confidence  in  the 
predictive  ability  of  the  mtxlel,  which  is  then  used  to 
illustrate  the  potential  performance  of  the  FOSO  based  on 
anticipated  improvements  in  fiber-optic  systems.  Finally, 
these  results  arc  compared  to  the  performance  of  several 
state-of-the-art  microwave  signal  sources. 

System  Description  and  Analysis 

The  FOSO  system  configuration  is  depicted  in  Figure 
1.  Frequency  fluctuations  of  the  yoltage-controlled- 
oscillator  (VCO)  are  converted  to  baseband  voltage 
fluctuations  by  the  fiber-optic  discriminator.  This 
baseband  sign^  is  amplified,  inverted,  filtered,  and  fed 
back  to  the  frequency  (or  phase)  control  input  of  the  VCO 
to  reduce  the  frequency  fluctuations. 

RF  OUTPUT 
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Figure  2.  Fiber-optic  frequency  discriminator 
configuration. 

In  the  fiber  optic  discriminator,  shown  in  Figure  2, 
the  RF  input  signal  is  split  and  compared  to  a  delayed 
version  of  itself  in  a  phase  detector.  The  RF  phase  shifter 
is  used  to  set  the  signals  to  90-degree  phase  quadrature. 
The  transfer  function  H(f)  [V/Hz]  of  this  configuration, 
assuming  no  loss,  is: 

H(f)  =  2  7tTK<K5^2i!LEJ)ej(2«^f)  (1) 

7t  T  f 


where  f  is  the  offset  frequency  of  the  frequency 
fluctuations  from  the  RF  signd  ,  K(^  is  the  phase  detector 
sensitivity  in  volts/radian,  t  =  nL/c  is  the  delay  time  in 
the  fiber  which  is  L  meters  long  with  group  index  of 
refraction  n,  and  c  is  the  velocity  of  light  in  vacuum. 
For  sufficiently  low  offset  frequencies  such  that  f  «  l/t, 
this  expression  may  be  approximated  by 

H(0  ■=  2  re  T  K<j,  (2) 

Several  points  are  important:  First,  the  discriminator 
sensitivity  increases  linearly  with  delay  time.  Second,  the 
delay-line  discriminator  can  operate  at  any  frequency 
within  the  bandwidth  of  the  delay-line  and  phase  detector, 
by  simply  setting  phase  quadrature  at  the  phase  detector 
inputs.  The  sensitivity  is  ultimately  limited  by  the  losses 
and  bandwidth  of  the  delay-line,  but  since  optical  fiber  has 
approximately  1  dB/kilometcr  loss  for  modulation  signals 
at  microwave  frequencies,  multi-kilometer  delay-lines  at 
microwave  frequencies  are  practical.  Therefore,  a  highly 
sensitive,  tunable  frequency  discriminator  is  possible 
when  a  fiber-optic  delay-line  is  used. 

To  the  extent  that  the  frequency  fluctuations  of  the 
VCO  can  be  measured,  they  may  be  reduced.  With 
appropriate  feedback  loop  design,  the  phase  noise  of  the 
VCO  can  be  reduced  to  the  equivalent  phase  noise  of  the 
fiber-optic  discriminator,  which  is  determined  by  the  open- 
loop  phase  stability  of  its  components  and  the  loop 
parameters. 
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Figure  3.  FOSO  system  with  noise  sources. 


Figure  3  illustrates  the  FOSO  with  equivalent  noise 
generator  sources.  The  open-loop  noise  of  the  VCO  is 
S4)o(0.  the  fiber-optic  delay-line  phase  noise  is  S((,d(0. 
and  the  phase  detector  and  loop  amplifier  combined 
equivalent  phase  noise  is  S())p(0-  fhe  baseband  loop  filter 
transfer  function  is  0(0.  For  a  VCO  with  a  frequency 
tuning  input,  the  phase  noise  of  the  FOSO  calculated 
using  standard  loop  analysis  is: 

S^(0  = - 1 - 

(l+GHKf)2 


where  Kf  is  the  VCO  tuning  sensitivity  in  Hz/volt.  The 
presence  of  the  fiber-optic  discriminator  transfer  function, 
H(0  in  the  denominator  of  Equation  (3)  is  significant. 
Equation  (1)  indicates  that  H(0  has  zeros  at  offset 
frequencies  which  are  integral  multiples  of  the  reciprocal 
of  the  delay  time,  x.  Thus,  the  loop  filter  gain,  0(0. 
must  be  adjusted  to  roll  off  at  a  low  enough  frequency  so 
that  the  closed-loop  response  of  the  system  will  not 
exhibit  oscillation  at  frequencies  corresponding  to  the 
zeros  of  H(0. 

For  the  presently  available  slate-of-the-art,  the  fiber¬ 
optic  phase  noise,  S||>(i(0.  is  much  larger  than  the  phase 
detector  noise,  S(j)p(0.  Then,  at  offset  frequencies  low 
compared  to  l/x,  in  the  limit  of  large  loop  gain,  the 
expression  for  the  closed-loop  FOSO  phase  noise  reduces 
to: 

$4,(0 - (4) 

(  27tT  f  )  ^ 
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As  will  be  shown,  the  experimental  results  indicate  that 
this  simple  expression  gives  a  very  good  prediction  of  the 
phase  noise  performance  of  the  FOSO,  for  offset 
frequencies  close  to  the  carrier  (f  less  than  10  kHz). 


Fiber  Length  Considerations 

Equation  (4)  indicates  that  the  open-loop  phase  noise 
of  the  free-running  oscillator  is  reduced  to  a  level  limited 
by  the  fiber-optic  link  phase  noise,  and  that  the  amount  of 
improvement  increases  with  the  fiber  length.  However, 
the  fiber-optic  link  phase  noise  is  also  a  function  of  fiber 
length,  due  to  attenuation  and  interaction  between  the  laser 
linewidth  and  fiber  dispersion.  Considering  only  those 
losses  due  to  attenuation,  the  phase  noise  at  frequency 
offsets  greater  than  about  1  kHz  from  the  RF  carrier  has 
the  functional  form; 


-Pin  (5) 

Psigl0(2«L/iO) 

where  a  is  the  loss  of  the  optical  fiber  in  dB/meier,  L  is 
the  length  in  meters.  Pin  is  the  received  RF  noise  power 
due  to  the  optical  source  in  the  fiber-optic  transmitter,  ?(}, 
is  the  thermal  noise  floor  of  the  fiber-optic  receiver,  and 
Psig  is  ll'c  RF  power  of  the  received  modulation  signal. 
For  an  optical  source  which  has  intensity  noise  above  the 
shot-noise  limit,  x  =  2;  x  =  1  for  a  shot-noise  limited 
source.  Thus,  for  a  laser  not  operating  at  the  shot-noise 
limit,  such  as  the  semiconductor  laser  used  in  the 
experiments,  the  expression  for  the  FOSO  phase  noise 
depends  on  fiber  len^  as 


S^if) 


c2  |Pln-»-Pth 
(4jrLn)2  \  Psig 


(6) 


Equation  (6)  implies  that  an  optimum  fiber  length  exists 
to  yield  the  lowest  FOSO  phase  noise  for  given  values  of 
laser  noise  and  fiber  loss.  Differentiating  this  expression 
with  respect  to  L  yields  a  transcendental  equation  which 
can  be  solved  to  find  the  optimum  fiber  length.  A  non¬ 
zero  solution  for  L  exists  provided  the  laser  noise  Pjn  is 
larger  than  the  thermal  noise  floor  of  the  receiver,  Pij,, 
which  is  typically  the  case. 


analog  fiber-optic  link.  In  this  fiber-optic  link,  the  RF 
signal  modulated  the  injection  current  of  a  Fabry-Perot 
semiconductor  laser  diode,  producing  a  linear  intensity 
modulation.  This  modulated  optical  carrier  was  launched 
into  single-mode  optical  fiber:  2.2  km  in  the  100  MHz 
trial,  and  6.2  km  in  the  7.8  GHz  trial.  The  optical  power 
was  detected  by  a  PIN  photodiode  receiver,  amplified,  and 
applied  to  the  phase  detector  input.  An  adjustable  coaxial 
phase  shifter  was  used  in  the  other  RF  path  to  achieve 
phase  quadrature  between  the  delayed  and  un-dclayed 
signals  at  the  phase  detector  inputs. 

The  baseband  output  of  the  phase  detector  was 
amplified,  filtered,  and  f^  back  to  the  phase  (frequency) 
modulation  input  of  the  signal  generator.  The  filter  was 
not  optimized  to  completely  eliminate  the  oscillations  at 
the  zeros  of  the  fiber-optic  discriminator,  described  earlier, 
so  phase  noise  peaks  are  observed  at  offset  frequencies 
corresponding  to  the  inverse  of  the  delay  time.  Loop 
locking  was  easily  achieved  at  any  arbitrary  operation 
frequency  within  the  system  bandwidth,  by  adjusting  for 
quadrature  between  the  phase  detector  inputs.  Also, 
smooth,  continuous,  high-resolution  frequency  tuning 
was  observed  when  locked,  by  simply  adjusting  the  phase 
shifter. 

Figures  4  and  S  illustrate  the  calculated  and  measured 
phase  noise  results  at  100  MHz.  Figure  6  illustrates  the 
7.8  GHz  results,  which  clearly  shows  the  X-band 
oscillator  phase  noise  is  reduced  by  over  40  dB,  to  the 
level  predicted  by  Equation  (4)  at  low  offset  frequencies. 
In  both  cases,  calculated  and  experimental  results  are  in 
excellent  agreement 

The  calculations  were  made  using  the  analysis 
described  earlier,  with  the  measured  phase  noise  of  the 
open-loop  VCO  and  the  fiber-optic  delay-line  as  inputs. 
All  of  the  phase  noise  measurements  at  1(X)  MHz  were 
performed  using  the  phase-detector  technique  by  phase 
locking  to  a  low-noise  quartz  crystal  oscillator.  At  7.8 
GHz,  the  open-loop  fiber-optic  discriminator  noise  was 
measured  using  a  multiplied  low-noise  quartz  crystal.  The 
open-loop  signal  generator  noise  was  then  measured  using 
the  fiber-optic  discriminator.  The  closed-loop  FOSO 
performance  was  measured  using  a  low-noise  sapphire 
"whispering-gallery-mode"  resonator  discriminator 
described  in  Reference  [3],  phase-locked  to  the  FOSO  by 
temperature-tuning  the  sapphire. 


Experimental  Results 

Experiments  were  performed  with  a  synthesized  signal 
generator  at  100  MHz,  using  a  phase-feedback 
configuration,  and  with  a  cavity-tuned  signal  generator  at 
7.8  GHz  in  a  frequency -feedback  configuration  [2].  In 
both  cases,  the  RF  delay-line  of  the  fiber-optic 
discriminator  in  Figure  2  was  an  intensity  modulated 


Performance  Projections 

In  this  preliminary  series  of  investigations,  the 
calculated  and  measured  performance  of  the  FOSO  was 
limited  by  the  fiber-optic  discriminator  noise.  The  fiber¬ 
optic  delay-line  used  in  these  first  experiments  represents 
the  sute-of-the-art  in  injection  current  modulated 
semiconductor  laser-based  fiber  optic  links.  However, 
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Figure  4.  FOSO  calculated  phase  noise  performance  at 
100  MHz. 


Figure  6.  FOSO  phase  noise  performance  at  7.8  GHz. 


with  the  development  of  improved  nbcr-optic  links  based 
on  diode-pump^  solid-state  lasers  and  external  intensity 
modulators,  much  higher  signal-to-noise  ratio  (SNR)  is 
possible  [4,  S],  and  hence,  improved  phase  noise 
performance. 

Improved  fiber-optic  link  phase  noise  performance  has 
been  recently  demonstrated  at  8.4  GHz  (-108  dBc/Hz  at  f  = 
10  Hz,  -130  dBc/Hz  at  f  =  10  kHz)  using  an  externally 
modulated  diode-pumped  Nd:YAG  uansmitter  [6]. 
Calculations  of  the  FOSO  performance  based  on  this 
improved  fiber-optic  delay-line  are  shown  in  Figure  7. 
Also  shown  are  the  previous  FOSO  experimental  results, 
and  typical  phase  noise  performance  of  various  signal 
sources  at  X-band.  It  is  noted  that  the  projected 
performance  of  the  FOSO,  a  widely  tunable  source,  rivals 
the  performance  of  superconducting  DRO  sources,  which 
are  typically  tunable  only  a  few  percent,  and  must  operate 
at  cryogenic  temperauires. 


Offset  frequency  from  carrier  (log) 


Figure  7.  Comparison  of  FOSO  performance  at  7.8  GHz: 
Calculated  FOSO  performance  using  improved  fiber-optic 
link,  experiment^  FOSO  data  of  Figure  6,  and  phase 
noise  of  various  microwave  signal  sources. 

A  noteworthy  asset  of  the  fiber-optic  delay-line 
discriminator  is  the  fact  that  it  is  not  a  resonant  cavity. 
Therefore,  it  can  be  used  to  measure  and  stabilize  the 
frequency  fluctuations  of  a  widely  tunable  oscillator.  This 
is  a  capability  that  resonant-cavity  discriminators,  which 
are  constrained  to  operate  at  a  fixed  design  frequency, 
fundamentally  do  not  possess.  Also,  the  delay-line 
discriminator  "Q"  increases  linearly  with  delay  length  as 
well  as  frequency.  Cavity  resonators,  however,  typically 
exhibit  "Q"  roll-off  as  l/f^  with  increasing  frequency  due 
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to  electromagnetic  losses.  The  modulation  bandwidth  of 
present  fiber-optic  links  is  limited  by  the  electro-optic 
modulation  and  detection  devices.  At  the  lime  of  writing, 
frequencies  as  high  as  64  GHz  have  been  demonstrated  for 
electro-optic  modulators  [7],  and  60  GHz  photodiodes  are 
commercially  available  [8].  This  high  bandwidth 
potential  of  fiber-optic  delay-lines  makes  the  FOSO 
technique  also  attractive  for  stabilization  of  tunable 
millimeter-wave  sources. 


Summary 

First  results  were  reported  for  a  fiber-optic  stabilized 
elccuonic  oscillator  (FOSO).  An  analytical  model  was 
developed  and  used  to  predict  phase  noise  performance  at 
100  MHz  and  7.8  GHz  that  was  in  excellent  agreement 
with  experimental  results.  It  was  shown  that  the  FOSO 
performance  was  limited  by  the  fiber-optic  delay-line 
phase  noise,  and  that  an  optimum  fiber  length  exists  for 
given  system  parameters.  The  derived  model  was  used  to 
predict  future  FOSO  performance  based  on  a  fiber-optic 
delay-line  with  improved  phase  noise  performance.  The 
phase  noise  performance  of  the  experimental  trial  at  7.8 
GHz  was  shown  to  be  comparable  to  state-of-the-art 
tunable  microwave  sources  for  offset  frequencies  less  than 
10  kHz,  while  the  projected  phase  noise  performance  is  IS 
to  30  dB  beUer. 

The  FOSO  technique  can  be  used  to  stabilize  a  tunable 
electronic  oscillator  over  the  entire  bandwidth  of  the  fiber¬ 
optic  delay-line,  which  can  be  tens  of  GHz.  This  is  an 
important  advantage  compared  to  resonator-based 
oscillators  which  are  constrained  to  operate  at  a  fixed 
design  frequency.  Long  fiber-optic  delay-lines  can  be 
contained  in  small,  light-weight,  rugged  packages  whose 
components  are  all  solid-state,  low-power  devices.  These 
features  may  make  the  FOSO  an  attractive  candidate  for  a 
stable,  frequency-tunable  microwave  and  millimeter-wave 
oscillator  for  many  different  applications. 
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ABSTRACT 

The  prototype  of  an  optically  pumped  cesium  beam 
frequency  standard  is  composed  of  three  modules:  a  cesium 
beam  tube,  a  microwave  module,  and  a  laser  diode  module. 
In  the  cesium  beam  tube,  background  lights  from  the 
windows  are  reduced.  In  the  microwave  module,  an  auto¬ 
matic  level  controller  is  used  in  order  to  reduce  long-term 
frequency  instabilities  caused  by  the  microwave  level 
fluctuation.  In  the  laser  diode  module,  three  laser  diodes  are 
connected  to  the  cesium  beam  tube  by  polarization  main¬ 
taining  fibers  and  fiber  couplers. 

The  short-term  frequency  stability  (two-sample 
standard  deviation),  which  is  estimated  from  the  prelimi¬ 
nary  experimental  results  gained  from  the  prototype,  is 
about  aj,('c)  =  1  x  lO  '^/Vx. 

1.  INTRODUCTION 

Cesium  beam  frequency  standards  generate  an  accu¬ 
rate  and  stable  frequency  synchronized  to  the  "clock  transi¬ 
tion"  frequency  (9.192631770  GHz)  of  cesium  atoms  [1]. 
Optically  pumped  cesium  beam  frequency  standards  use 
lasers  instead  of  conventional  deflection  magnets.  Their 
frequency  accuracy,  long-term  frequency  stability,  and 
shoit-term  frequency  stability  are  expected  to  be  better  than 
conventional  cesium  beam  frequency  standards.  With 
recent  advances  in  laser  diode  technology,  several  laborato¬ 
ries  are  in  the  process  of  developing  optically  pumped 
cesium  beam  frequency  standards  [2]-[6]. 


NTT  is  developing  a  small  optically  pumped  cesium 
beam  frequency  standard  as  a  clock  frequency  source  for 
synchronous  digital  communication  networks  [7].  In  this 
paper,  a  prototype  of  the  optically  pumped  cesium  beam 
frequency  standard  is  introduced.  The  prototype  is  com¬ 
posed  of  three  modules:  a  cesium  beam  tube,  a  microwave 
module,  and  a  laser  diode  module.  Each  of  these  modules 
is  explained  in  Sections  2  through  4.  Preliminary  experi¬ 
mental  results  gained  from  the  {H'ototype  are  reported  in 
Section  5. 

2.  CESIUM  BEAM  TUBE 

The  scheme  of  the  cesium  beam  tube  is  shown  in 
Fig.  1.  The  cesium  beam  tube  is  590  mm  long  and  is  90 
mm  shorter  than  the  previous  cesium  beam  tube  [8].  It  has 
two  cesium  beam  ovens,  four  pairs  of  windows,  and  four 
spheroidal  mirrors  for  fluorescence  detection.  These  win¬ 
dows  are  made  of  anti-reflection  (AR)  coated  fused  silica. 

Although  windows  in  the  previous  cesium  beam 
tube  also  were  AR-coated,  the  measured  background  light 
levels  were  very  large,  and  the  background  lights  were  noise 
sources.  It  is  found  that  reflected  lights  from  rear  windows 
and  scattered  lights  from  front  windows  caused  the  back¬ 
ground  lights.  In  the  new  cesium  beam  tube,  the  rear 
windows  are  inclined  and  the  reflected  lights  are  absorbed  by 
carbons  installed  inside  the  cesium  beam  tube.  The  front 
windows  are  moved  away  from  the  ^heroidal  mirrors.  As 
a  result  of  these  improvements,  the  measured  background 
light  levels  are  reduced  by  90%  and  the  background  light 
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level  to  input  laser  power  ratio  is  about  4  x  10'^. 

An  aluminium  alloy,  which  is  nonmagnetic  and 
emits  little  gas,  is  used  as  the  material  for  the  cesium  beam 
tube.  Twoion  pumps,  whose  evacuation  speeds  are  8  x  10^ 
cm^/sec,  are  used.  The  vacuum  level  in  the  beam  tube  can 
be  held  to  less  than  10'’  Torr. 

A  three  layered  permalloy  magnetic  shield  is  used. 
In  order  to  improve  uniformity  of  the  magnetic  field  in  the 
shield,  the  cesium  beam  tube,  with  the  exception  of  the  ion 
pumps,  is  enclosed  by  the  shield  and  connected  to  other 
modules  by  a  coaxial  cable  and  optical  fibers. 


switch  and  is  digitized  by  an  AD  converter.  The  computer 
reads  the  digitized  resonant  signals  and  modulation  signals, 
derives  frequency  discrimination  signals  from  the  read 
signals,  integrates  the  discrimination  signals,  and  outputs 
the  integrated  discrimination  signals  as  the  frequency 
control  signals.  The  frequency  control  signals  are  DA- 
converted  and  are  applied  to  a  VCXO. 

The  short-term  frequency  stability,  whose  averag¬ 
ing  lime  is  shorter  than  time  constant  of  the  frequency  servo 
loop,  is  determined  by  the  VCXO.  An  oven  controlled 
electrodeless  quartz  crystal  oscillator,  whose  nominal  fre¬ 
quency  is  S  MHz,  is  used  as  the  VCXO  of  this  optically 


Magnetic  Shield 

Fig.  1 .  Schematic  diagram  of  the  cesium  beam  tube. 


3.  MICROWAVE  MODULE 

The  scheme  of  the  microwave  module  is  shown  in 
Fig.  2.  A  digital  frequency  servo  loop  is  employed  in  the 
microwave  module.  In  the  prototype,  an  external  personal 
computer  is  used  as  a  controller.  One  of  two  resonant 
signals  from  the  cesium  beam  tube  is  selected  by  an  input 


pumped  cesium  beam  frequency  standard.  According  to  the 
specifications,  the  two-sample  standard  deviation  of  the 
VCXO  is  less  than  3  x  10  '^  from  0.2  to  30  sec. 

A  9.2  GHz  oscillator  and  two  7.37  MHz  synthesiz¬ 
ers  are  phase-locked  to  the  VCXO.  Two  7.37  MHz 
synthesizer  frequencies  can  be  tuned  by  the  computer,  and 
the  hequency  difference  between  the  two  7.37  MHz  synthe- 
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sizer  frequencies  is  equal  to  the  full  width  at  half  maximum 
of  the  Ramsey  fringe.  One  of  the  two  7.37  MHz 
synthesizer  signals  is  selected  by  a  modulation  switch 
according  to  the  modulation  signal.  This  switching  does 
not  cause  any  modulation  distortion.  A  double  balanced 
mixer  generates  a  9.19263  GHz  microwave  from  the  9.2 
GHz  microwave  and  the  selected  7.37  MHz  synthesizer 


signal.  The  9.19263  GHz  microwave  is  supplied  to  the 
cesium  beam  tube. 

The  9.19263  GHz  microwave  level  fluctuation 
changes  several  microwave  resonant  frequetKy  offset  val¬ 
ues  within  the  cesium  beam  tube.  This  phenomenon  is 
called  "power  shift"  and  causes  long-term  frequency  insta¬ 
bilities  ofthc  cesium  beam  frequency  standards  [9],  In  order 


Fig.  2.  Schematic  diagram  of  the  microwave  module.  In  this  figure,  l-SW  is  an  input  switch,  ADC  is  an  analog  to 
digital  converter,  DAC  is  a  digital  to  analog  converter,  VCXO  is  a  voltage  controlled  crystal  oscillator,  MSG  is  a 
modulation  signal  generator,  M-SW  is  a  modulation  switch,  ATT  is  an  attenuator,  DBM  is  a  double  balanced  mixer, 
BPF  is  a  band-pass  filter,  ALC  is  a  automatic  level  controller,  and  PLLs  are  phase-locked  loops. 


to  reduce  the  9.19263  GHz  microwave  level  fluctuations, 
an  automatic  level  controller  (ALC)  is  employed.  The 
ALC  measures  the  9.19263  GHz  microwave  level,  com¬ 
pares  it  with  a  reference  level,  and  attenuates  the  9.2  GHz 
microwave  level  to  make  the  9.19263  GHz  microwave 
level  coincide  with  the  reference  level.  The  reference  level 
is  set  by  the  computer.  As  a  result  of  the  ALC,  the  9. 19263 
GHz  microwave  level  fluctuation  is  reduced  to  less  than  02 
dB  from  10  to  40°C. 


4  LASER  DIODE  MODULE 

The  scheme  of  the  laser  diode  module  is  shown  in 
Fig.  3.  In  the  laser  diode  nxxlule,  three  commercial  Fabry- 
Perot  type  GaAlAs  semiconductor  laser  diodes  are  installed. 
Two  laser  diodes  are  used  as  pump  lasers  and  the  other  one 
is  used  as  a  probe  laser.  External  resonators,  to  narrow  the 


To  Cs  Beam 
Tube  (Pump) 


To  Cs  Beam 
Tube  (Probe) 


Fig.  3.  Schematic  diagram  of  the  laser  diode  rrxxJule.  In  this  figure,  BPF  is  a  band-pass  filter,  PSD  is  a  phase 
sensitive  detector,  LFP  is  a  low-pass  filter,  MSG  is  a  modulation  signal  generator,  V/l  is  a  voltage  to  current 
converter,  LDs  are  laser  diodes,  PEs  are  Peltier  elements,  l^s  are  half-wave  plates,  l/4s  are  quarter-wave  plates, 
and  PANDA  fibers  are  polarization-maintaining  and  absorption-reducing  fibers. 
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spectrum  linewidth  of  the  laser  diodes,  are  not  used  at  the 
present  time.  The  temperature  of  each  laser  diode  is 
stabilized  within  lO'^C  by  a  two-stage  Peltier  cooler.  The 
wavelength  of  each  laser  diode  can  be  locked  to  one  of  the 
fluorescence  peaks  from  the  cesium  beam  or  absorption 
lines  in  cesium  vapor  cell  by  an  injection  current  controller. 
This  controller  is  composed  of  a  phase  sensitive  detector, 
a  low-pass  filter,  and  a  voltage  to  current  converter. 

In  the  prototype,  optical  fibers  are  used  to  connect 
the  laser  diodes  to  the  cesium  beam  tube.  In  general,  the 
laser  beam  polarization  state  are  changed  by  various 
disturbances,  in  a  regular  single-mode  or  multi-mode 
optical  fiber.  When  the  pump  laser  beam  is  elliptically  or 
circularly  polarized,  a^-transition  probabilities  are  not 
equal  to  o’-transition  probabilities  and  the  populations  in 
Zeeman  sublevels  become  asymmetric.  Even  if  the  pump 
laser  beam  is  linearly  polarized,  the  pumping  efficiency 
depends  on  the  angle  between  the  electrical  field  of  the  laser 
beam  and  the  static  magnetic  field  (C-field)  applied  to  the 
cesium  beam  [10].  Therefore,  the  laser  beam  polarization 
fluctuations  cause  noise  in  the  cesium  beam  tube.  It  is 
necessary  to  optimize  the  laser  beam  polarization  states  and 
to  maintain  the  optimized  polarization  states.  Polariza¬ 


tion-maintaining  and  absorption-reducing  (PANDA)  fibers 
and  fiber  couplers  are  employed  to  maintain  the  laser  beam 
polarization  states.  Half-wave  plates  and  quarter-wave 
plates  are  used  to  optimize  the  polarization  states  at  the 
output  ends  of  the  optical  fibers.  60  dB  optical  isolators  are 
necessary  to  reject  the  returned  light  from  the  above  optical 
elements  to  the  laser  diodes.  This  is  done  because  the 
returned  lights  to  the  laser  diodes  cause  intensity  and 
frequency  instabilities  in  the  laser  diodes. 

Although  the  ouqiut  laser  powers  from  the  optical 
fibers  are  more  than  1 50  pW,  the  powers  are  not  sufficient 
In  order  to  increase  the  output  laser  powers,  it  is  necessary 
to  reduce  optical  coupling  losses  between  the  laser  diodes 
and  the  optical  fibers. 

5.  PRELIMINARY  EXPERIMENTAL  RESULTS 

First  the  fundamental  optical  pumping  experiment 
is  done.  The  experimental  setup  is  shown  in  Fig.  4.  In  this 
experiment  one-laser  pumping  was  used.  The  pump  laser 
wavelength  was  swept  over  six  cesium  D2  transition  lines 
by  sweeping  the  DC  bias  voltage.  The  probe  laser 
wavelength  was  locked  to  the  cycling  transition  line  F  =  4 


Fluorescence 


Fluorescence 


Fig.  4.  Schematic  diagram  of  the  preliminary  experiment  setup. 
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->  F  =  5.  The  microwave  was  not  suf^lied.  F  and  F 
indicate  total  angular  momentum  quantum  numbers  in  the 
ground  and  excited  slates  respectively. 

The  experimental  results  are  shown  in  Fig.  S  (a).  In 
this  experiment,  the  cesium  beam  oven  temperature  was 
I20°C.  When  the  probe  laser  wavelength  was  not  tuned  to 
any  transitian  line,  the  observed  background  light  level  was 
0.6  nA.  When  it  was  tuned  to  the  cycling  transition  line, 
the  observed  light  level  was  1.1  nA.  Therefore,  the  net 
tlu(»escence  level  in  this  measuremern  was  0.S  iiA.  When 
the  pump  laser  wavelength  was  tuned  to  pumping  transi¬ 
tion  tines  F  =  3->F  =  3or2,  the  probe  fluorescence  level 
increased.  Also,  when  it  was  tutted  to  pumping  transition 
lines  F  =  4-*F  =  3or4,  the  probe  fluorescence  level 
decreased.  A  magnified  portion  of  the  Fig.  S  (a)  is  shown 
in  Fig.  S  (b).  In  this  figure,  the  background  light  level  (0.6 
nA)  has  been  offset  When  the  pump  laser  wavelength  was 
tuned  to  the  pumping  transition  line  F  =  3  ->  F  =  2,  the 
probe  fluorescence  level  was  about  0.8  nA.  If  the  coupling 
loss  between  the  laser  diode  and  the  optical  fiber  was 
smaller,  the  probe  fluorescence  level  was  about  1  nA. 

Next,  the  microwave  resonant  experiments  were 
done.  Only  the  Rabi  resonance  was  measured  because  a  U- 
shaped  waveguide,  which  is  necessary  to  observe  ihe  Ram¬ 
sey  resonance,  is  not  available  at  the  present  time.  In  this 
experiment,  one-laser  pumping  was  also  used.  The  pump 
laser  wavelength  was  locked  to  the  pumping  transition  line 
F  =  3  ^  F  =  2.  The  microwave  firequency  was  swept  by 
sweeping  the  external  synthesizer  frequency.  The  probe 
laser  wavelength  was  locked  to  the  cycling  transition  lines 
F=4^F  =  S.  Zeeman sublevek were d^enerate because 
the  C-fieid  was  not  applied. 

The  experimental  results  are  shown  in  Fig.  6. 
When  the  microwave  frequency  was  tuned  to  the  clock 
transition  frequency,  the  optically  pumped  cesium  atoms 
were  stimulated  to  transit  F  =  4  ->  F  =  3,  and  the  probe 
fluoresc^ice  decreased  to  0.S  nA.  Observed  full  width  at 
half  maximum  of  the  Rabi  resonance  was  24  kHz  and  agreed 
with  the  theoretical  value. 

Using  the  measured  beam  current  value,  the  short¬ 
term  frequency  stability  d*  the  prototype  can  be  estimated. 
In  this  estimation,  four  assumptions  are  made:  (1)  two- 


(a) 


Pump  Laser  Wavelength  [nm] 
(b) 


Fig.  5.  (a)  Optical  pumping  experimental  results 
and  (b)  magnified  portion. 
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Microwave  Detuning  [kHz] 

Fig.  6.  Rabi  resonant  spectrum  gained  from  the 
prototype.  The  background  light  level  has  been 
offset. 


laser  pumping  is  used,  (2)  the  full  width  at  half  maximum 
of  the  Ramsey  fringe  is  600  Hz,  (3)  the  product  of  photon 
number  per  atom,  fluorescence  collection  efficiency  of  the 
spheroidal  mirror,  and  the  quantum  efficiency  of  the 
photodiode  is  30,  and  (4)  the  beam  shot  noise  is  dominant 
The  estimated  short-term  frequency  stability  (two-sample 
standard  deviation)  is  about  0^(1)  =  1  x  and  the 

values  are  shown  in  Fig.  7. 

6.  SUMMARY 

The  prototype  of  an  optically  pumped  cesium  beam 
flequency  standard  is  created.  It  is  composed  of  a  cesium 
beam  tube,  a  microwave  module,  and  a  laser  diode  module. 


Averaging  Time  [s] 

Fig.  7.  Estimated  short-term  frequency  stability  of 
the  prototype  of  the  optically  pumped  cesium 
beam  frequency  standard.  The  short-term  fre¬ 
quency  stability  of  a  conventional  high  perform¬ 
ance  commercial  cesium  beam  frequency  standard 
is  also  presented. 

The  protot3q)e’s  features  are  as  follows: 

1.  The  measured  background  light  levels  in  the  cesium 
beam  tube  are  reduced  to  less  than  1/10  of  the  background 
light  levels  in  the  previous  cesium  beam  tube. 

2.  To  reduce  long-term  frequency  fluctuations,  the 
microwave  level  fluctuation  is  reduced  to  less  than  0.2  dB 
from  10  to  40°C  by  the  automatic  level  controller. 

3.  To  optimize  and  maintain  the  laser  beam  polariza¬ 
tion  states,  polarization  maintaining  optical  fibers  and 
optical  fiber  couplers  are  used. 

Using  the  preliminary  experimental  results  gained 
from  the  prototype,  it  is  estimated  that  the  short-term 
frequency  stability  of  this  cesium  beam  frequency  standard 
is  about  a^(T)  =  1  x  10  '^/Vt. 
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Abstract 

We  have  designed,  constructed,  and  tested  two  differ¬ 
ent  types  of  optically  pumped  cesium  frequency  stan¬ 
dards.  One  stEindard  uses  saturated  absorption  dou¬ 
ble  resonance  spectroscopy  in  a  closed  cesium  cell. 
The  second  standard  uses  a  more  traditional  optically 
pumped  cesium  beam,  but  with  a  very  short  microwave 
cavity,  and  optical  pumping  using  the  ^Siy2,F=4  «-* 
^P3/2,F'=5  transition  at  852  nm. 


Introduction 

The  first  laboratory  studies  of  optical  pumping  of  ce¬ 
sium  using  laser  diodes  were  made  as  early  as  1971 
[Ij,  and  the  first  laboratory  cesium  beam  frequency 
standard  using  laser  diode  optical  pumping  was  con- 
structerl  by  1980  [2j.  Since  that  time,  a  number  of 
groups  [3,4,5]  have  sought  to  improve  the  accuracy  of 
primary  frequency  standards  by  using  optical  pump¬ 
ing  of  cesium.  Optically  pumped  cesium  beams  can 
have  improved  spatial  symmetry,  uniform  population 
distributions,  more  easily  predicted  velocity  distribu¬ 
tions,  and  increased  signal-to-noise  ratios  (SNR).  It 
is  possible  to  prepare  the  cesium  atoms  in  a  single 
magnetic  sublevel.  Cesium  beams  have  been  cooled 
by  la.sers  to  produce  very  slow  atoms  with  narrow  ve¬ 
locity  distributions,  which  result  in  narrow  microwave 
resonances  with  little  uncertainty  in  the  second  order 
Doppler  shift.  All  of  these  features  can  be  used  to  im¬ 
prove  the  accuracy  of  a  primary  frequency  standard. 

On  the  other  hand,  other  groups  [6,7,8]  have  at¬ 
tempted  to  improve  the  characteristics  of  small,  field 
usable  frequency  standards  by  means  of  optical  pump¬ 
ing.  The  features  of  optical  pumping  which  arc  desir¬ 
able  in  a  primary  frequency  standard  are  generally  at- 

•Work  supported  in  part  by  U.S.  Army  Laboratory  Command^ 
Contract  No.  DAAL01-88-C-0805 


tained  with  large,  elaborate,  and  environmentally  sen¬ 
sitive  laboratory  instruments,  which  are  impractical 
for  use  in  a  field  standard.  The  advantages  of  optical 
pumping  for  small  frequency  standards  stem  mostly 
from  the  higher  SNR  [6].  In  this  case,  the  higher  SNR 
obtained  with  optical  pumping  and  optical  state  detec¬ 
tion  may  allow  a  reduction  in  size  or  an  improvement 
in  performance  of  a  small  standard.  Several  workers 
(6,9,10)  report  the  importance  of  low  noise  lasers  in 
achieving  a  high  SNR.  The  work  reported  here  uses  an 
external  cavity  diode  laser  in  a  folded  Littrow  config¬ 
uration  [11).  This  laser  has  a  (voltage)  SNR  on  detec¬ 
tion  of  the  ^Si/2,F=4  *P3/2,F'=5  cycling  transition 

in  excess  of  10*/Hz“''^^.  Such  high  SNR  is  critical  to 
the  success  of  miniature  frequency  standards. 

In  order  to  study  the  limitations  of  miniature  cesium 
standards,  we  constructed  several  devices  of  different 
geometries.  Two  of  these  devices  are  of  particular  in¬ 
terest.  In  the  first,  which  uses  saturated  absorption 
spectroscopy,  an  effective  beam  of  atoms  is  selected 
within  a  closed  cell.  In  the  second  apparatus,  a  very 
short  microwave  region  is  used  with  a  more  traditional 
cesium  beam.  In  a  beam  tube  which  is  carefully  de¬ 
signed  to  remove  all  known  frequency  shifts,  any  un¬ 
known  systematic  effects  might  be  difficult  to  observe. 
Our  beam  tube  was  fabricated  with  relatively  low  pre¬ 
cision  in  the  interest  of  time  and  cost,  and  in  order 
to  quickly  identify  any  unanticipated  frequency  shifts 
associated  with  a  small  optically  pumped  device. 

Saturated  Absorption  Double 
Resonance 

Background 

A  traditional  cesium  beam  frequency  standard  uses  a 
vacuum  envelope  with  cesium  oven,  graphite  getters, 
and  an  ion  pump.  The  standard  would  be  greatly  sim¬ 
plified  and  reduced  in  size  if  these  elements  could  be 
eliminated,  and  a  simple  cell  of  cesium  vapor  used  in- 
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stead.  This  is  done  in  a  rubidium  frequency  standard, 
where  the  alkali  vapor  is  contained  within  a  glass  cell. 
However,  in  order  to  avoid  wall  collisions  and  satisfy 
the  Dicke  condition,  rubidium  cells  use  buffer  gases  to 
confine  the  rubidium  atoms  to  a  small  region  of  space. 
This  also  prolongs  the  interaction  of  the  atoms  with 
the  microwave  field,  and  (through  the  Dicke  criterion) 
preserves  the  phase  of  the  microwave-atom  interaction. 
Unfortunately,  the  buffer  gases  also  produce  frequency 
shifts  of  the  microwave  transition  [12].  A  way  to  re¬ 
tain  the  advantages  of  a  closed  cell  without  the  dis¬ 
advantages  of  a  buffer  gas  may  be  to  use  saturated 
absorption  spectroscopy  [13,14]. 

In  a  saturated  absorption  experiment.  Fig.  1,  one 
laser  beam  is  split  into  two  counterpropagating  laser 
beams,  which  pass  through  a  cesium  cell.  Wavelength 
dependent  features  appear  in  both  the  optical  fluorcs- 
coMce  and  absorption  spectra  when  a  particular  veloc¬ 
ity  class  of  atoms  interacts  with  both  lasers.  This  in¬ 
teraction  occurs  when  the  atomic  velocity  results  in 
a  positive  Doppler  shift  of  one  laser’s  frequency  to 
an  upper  energy  level,  while  simultaneously  Doppler 
shifting  the  second  laser  beam’s  frequency  to  a  lower 
level.  If  the  frequency  separation  between  two  optical 
transitions  is  Au,  then  a  saturated  absorption  feature 
appears  when  the  component  of  atomic  velocity  along 
the  laser  beam  direction  is  approximately 


whore  A  is  the  laser  wavelength.  The  laser  is  tuned  to 
a  frequency  precisely  midway  between  the  two  energy 
levels.  Thus  saturated  absorption  features  appear  on 
each  optical  transition,  corresponding  to  zero  atomic 
velocity  along  the  laser  beam.  Additional  features  a|> 
pear  midway  between  any  two  allowed  optical  tran¬ 
sitions,  indicated  by  a  “0”  symbol.  The  ^S]/2iF=4 
*-*  ^P3/2>F^=3  ®  5  transition,  for  example,  requires  an 
atomic  velocity  of  about  194  m/s.  This  compares  well 
with  200  m/  ,  the  most  probable  velocity  in  a  cesium 
cell  at  50  deg  C.  For  the  cesium  D2  transition,  there 
are  a  total  of  six  saturated  absorption  transitions  as.so- 
ciated  with  each  ground  state  hyperfine  level.  Figure  2 
shows  a  typical  saturated  absorption  spectrum  for  op¬ 
tical  transitions  originating  in  the  "81^2, F=4  ground 
state.  When  one  of  the  laser  transitions  is  an  optical 
pumping  transition,  the  saturated  absorption  feature 
is  enhanced,  since  very  little  laser  power  is  required 
to  remove  an  atom  from  interaction  with  the  second 
laser. 

When  a  microwave  field  is  applied  to  the  cesium 
atoms,  the  saturated  absorption  spectrum  is  further 
modified.  By  way  of  example,  consider  the  ^Si/2,F  = 


4  ♦-»  ^P3/2>I^=3  ®  4  transition.  An  atom  travelling 
along  the  laser  beam  axis  with  velocity  component 
86.5  m/s  will  be  Doppler  shifted  into  resonance  for 
the  ^Siy2)f'=4  ^P3/2iP^=  3  transition  for  one  laser 

beam,  and  the  ^Si/2,F=4  *-*  ^P3/2,F'=  4  transition  for 
the  other  beam.  The  saturated  absorption  feature  is 
associated  with  an  effective  beam  of  atoms  within  the 
cell,  travelling  collinearly  with  the  l^lser  beams.  Both 
of  these  optical  transitions  optically  pump  the  atoms 
into  the  ^Si/2,F=3  ground  state  hyperfine  level.  If 
the  atoms  now  make  a  microv/ave  transition  from  the 
^Siy2.F=3,mp=0  sublevel  to  the  ^Si/2,F=4,mp=0  sub- 
level,  they  are  once  again  available  to  interact  with  the 
laser  beams.  Consequently,  when  a  microwave  tran¬ 
sition  occurs,  the  optical  absorption  increases.  The 
absorption  is  observed  as  a  microwave  frequency  de¬ 
pendent  dip  in  the  detected  light  at  the  photodetec¬ 
tor  (Figure  1),  which  may  be  used  to  control  the  fre¬ 
quency  of  a  local  oscillator.  We  refer  to  this  method  as 
Saturated  Absorption  Double  Resonance  Spectroscopy 
(SADR). 

Microwave  Measurements 

The  microwave  resonator  used  for  the  SADR  measure¬ 
ments  consists  of  a  copper  cavity  5.1  cm  ID  x  2.4  cm 
long,  coaxially  loaded  with  a  quartz  cell  1.3  cm  OD  x 
.96  cm  ID  X  2.5  cm  long.  A  pinch-off  tube  is  brought 
outside  of  the  copper  resonator,  and  the  bulk  of  the 
cesium  metal  is  collected  there.  We  obtain  a  clean  mi¬ 
crowave  resonance  in  the  cavity  at  9.2  GHz,  with  a  Q 
of  1500,  as  long  as  the  deposited  cesium  is  completely 
external  to  the  microwave  cavity.  Fine  tuning  is  pos¬ 
sible  by  inserting  an  alumina  rod  parallel  to  the  long 
axis  of  the  microwave  cavity,  at  a  radius  near  the  out¬ 
side  copper  wall.  This  gives  a  tuning  range  in  excess 
of  20  MHz  at  9.2  GHz.  However,  a  transparent  layer 
of  cesium  on  the  quartz  reduces  the  cavity  Q  to  about 
100.  In  this  case,  greater  microwave  power  is  required, 
but  the  fine  tuning  rod  is  not  necessary. 

A  sketch  is  given  in  Figure  3  of  the  microwave  source 
used  for  our  measurements  with  the  SADR  cavity.  A 
low  phase  noise  microwave  source  was  derived  from 
a  Hewlett-Packard  5061  cesium  standard,  exclusive  of 
the  cesium  beam  tube.  FVequency  modulation  and  fre¬ 
quency  sweeping  were  obtained  by  substituting  an  ex¬ 
ternal  synthesizer  for  the  internal  12.63177  MHz  syn¬ 
thesizer  of  the  5061.  Greater  microwave  power  to 
drive  the  low  Q  cavity  came  from  tin  external  oscilla¬ 
tor  which  was  phase  locked  to  the  output  of  the  5061. 
We  frequency  modulated  the  external  synthesizer  at 
a  1  kHz  rate,  and  used  a  lock-in  amplifier  to  detect 
the  resultant  1  kHz  modulation  of  the  SADR  optical 
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Figure  1:  Saturated  absorption  experimental  arrangement. 


signal. 

The  laser  source  is  sketched  in  Figure  4.  Details  of 
the  XLD-200  laser  are  given  in  [ll|.  For  the  measure¬ 
ments  reported  here,  a  number  of  different  laser  beam 
cross  sections  were  used.  A  typical  laser  beam  cross- 
section  was  10  mm  x  6  mm,  with  310  pW  in  the  pump 
beam,  and  33  pW  in  the  probe  beam.  This  gave  a 
maximum  detected  signal  of  5  pW.  Smaller  laser  cross 
sections  and  powers  were  also  used  with  success.  An 
optical  isolator  was  not  used.  The  laser  light  was  plane 
polarized.  The  pump  power,  probe  power,  microwave 
power  and  modulation  index,  laser  frequency,  and  C- 
field  current  were  ail  varied  for  these  measurements. 

Figure  5  gives  a  representative  SADR  microwave 
spectrum  for  the  ^Si/2)F=4  ^P3/2,F'=3  ®  5  satu¬ 

rated  absorption  transition,  with  a  small  C-field  ap¬ 
plied,  so  that  Figure  5  shows  the  ^Si/2)F=3,mp=0  <-> 
^Si/2,F',mp=0  microwave  transition  only.  The  dis¬ 
played  curve  is  approximately  the  derivative  of  the 
microwave  resonance,  because  of  the  use  of  a  phase 
sensitive  detector.  For  this  particular  set  of  parame¬ 
ters,  the  SNR  is  about  240  in  a  one  Hz  bemdwidth.  The 
microwave  line  width  here  is  14.3  kHz,  while  the  pre¬ 
dicted  line  width  for  a  Rabi  cavity  of  2.4  cm  length  is 
8.67  kHz.  An  accurate  prediction  of  the  line  width  for 
the  SADR  device  should  include  the  optical  pumping 
process.  It  is  likely  that  the  true  microwave  interac¬ 
tion  length  is  much  shorter  than  2.4  cm,  since  atoms 


are  optically  pumped  throughout  the  laser  path.  The 
observed  microwave  line  width  would  produce  a  short 
term  stability  of  Oy  =  2.6  x  10“®r~’^^  in  a  standard 
with  a  closed  servo  loop.  The  noise  limitation  here  is 
laser  noise.  Figure  6  shows  the  Zeeman  splitting  of  the 
SADR  microwave  transition  for  the  same  conditions  as 
in  Figure  5.  Since  the  zlmp  =  ±1  transitions  are  not 
evident  in  this  spectrum,  the  magnetic  field  vector  of 
the  microwaves  in  the  SADR  cavity  must  be  reason¬ 
ably  parallel  to  the  C-field  vector.  Additionally,  the 
observed  symmetry  of  the  various  magnetic  sublevel 
transitions  is  indicative  of  a  lack  of  optical  pumping 
among  magnetic  sublevels. 

In  order  to  further  separate  the  parameters  involved 
in  the  SADR  fi-equency  standard,  we  also  locked  the 
laser  to  saturated  absorption  features  in  a  cell  indepen¬ 
dent  of  the  cell  used  for  the  microwave  measurement. 
This  changed  the  physics  of  the  microwave  resonance 
somewhat,  as  well,  and  allowed  us  to  vary  the  laser 
intensity  without  affecting  the  laser  frequency. 

By  locking  the  microwave  source  to  the  ^Si/2, 
F=3,mp  =  0  *-►  ^Si/2,F',mp  =  0  cesium  clock  tran¬ 
sition,  we  were  able  to  measure  the  shift  in  the  clock’s 
frequency  as  a  function  of  the  laser  frequency.  We  at¬ 
tribute  this  shift  to  the  ac  Stark  shift  (or  “light  shift”). 
It  is  characterized  by  dispersive  features  centered  on 
each  of  the  saturated  absorption  lines.  It  is  one  of 
the  most  important  systematic  effects  of  concern  in  an 
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Increasing  Frequency 


Figure  2:  Saturated  absorption  spectra,  F=4«-»F'. 
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To  Cavity, 


Figure  3;  Microwave  source  for  SADR. 


Figure  4:  Laser  source  for  SADR. 
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PSD  Output 


PSO  Output 


Figure  5:  SADR  microwave  resonance. 


179  kHz 


382C/69.012 


Figure  6:  SADR  microwave  resonance. 


optically  pump>ed  frequency  standard. 

For  the  light  shift  measurement,  the  expanded  laser 
beam  size  was  6  mm  x  10  mm,  with  37  /*  W  in  the  pump 
beam,  and  14  /iW  in  the  probe  beam.  The  detected 
laser  power  (off  the  optical  resonance)  was  3.0  /tW. 
The  microwave  source  was  frequency  modulated  at  a 
1000  Hz  rate,  with  a  5  kHz  modulation  depth.  The 
microwave  power  delivered  to  the  cavity  was  -IdBm. 
The  relatively  large  microwave  power  used  here  is  asso¬ 
ciated  with  the  low  Q  microwave  cavity,  and  the  large 
microwave  line  width,  which  requires  a  high  microwave 
power  in  order  to  reach  a  maximum  signal. 

The  microwave  light  shift  as  a  function  of  laser  fre¬ 
quency  is  shown  in  Figure  7.  The  lower  curve  is  the 
saturated  absorption  spectrum,  showing  all  six  lines 
originating  in  the  ground  state.  The  up>- 

per  curve  shows  the  locked  microwave  frequency  as 
a  function  of  the  laser’s  optical  frequency.  The  two 
curves  are  not  exactly  aligned  with  each  other  because 
the  laser,  which  was  swept  in  a  free  running  mode, 
tended  to  drift  during  the  measurements.  The  curves 
clearly  show  the  dispersive  peaks  in  the  SADR  fre¬ 
quency  associated  with  the  light  shift  at  each  of  the 
saturated  absorption  lines.  This  curve  is  the  clearest, 
most  convincing  evidence  that  we  are  indeed  observ¬ 
ing  microwave  resonances  associated  with  a  “beam”  of 
cesium  atoms  within  a  closed  cell.  That  is,  we  observe 
features  in  the  microwave  spectra  which  are  associ¬ 
ated  with  the  sub-Doppler  optical  resonances.  These 
features  are  due  to  the  velocity  class  of  cesium  atoms 
selected  by  the  saturated  absorption  process. 

Unfortunately,  the  size  of  the  light  shift  presents  se¬ 
rious  difficulties  for  this  version  of  a  SADR  cesium 
frequency  standard.  The  4  <->  ^P3/2)F'^— 3  0 

4  transition,  which  probably  has  the  best  SNR  of  the 
six  lines  for  microwave  detection,  htis  a  relatively  small 
light  shift.  This  makes  this  transition  a  good  candi¬ 
date  for  use  in  the  SADR  frequency  standard.  The 
pcak-to-pcak  frequency  shift  is  2.0  kHz,  with  a  half- 
width-at-half  maximum  of  about  4.4  MHz  at  the  opti¬ 
cal  frequency.  The  combined  laser  power  of  the  pump 
and  the  probe  beams  is  about  85/iW/cm^,  which  gives 
a  light  shift  of  5.3  kHz/(MHz-mW/cm^).  At  the  power 

els  used  here,  it  would  be  necessary  to  stabilize 
the  laser’s  optical  frequency  to  about  200  Hz  (out  of 
3.5x10*“'  Hz)  in  order  to  maintain  a  microwave  frac¬ 
tional  frequency  stability  of  1  x  10~‘*.  We  believe  that 
a  laser  stability  of  a  few  thousand  Hz  would  be  pos¬ 
sible,  considering  the  width  of  the  saturated  absorp¬ 
tion  feature,  and  the  projected  environment  of  this 
frequency  standard.  Therefore,  we  consider  the  200 
Hz  stability  requirement  to  be  impractical  for  this  ap>- 


plication,  in  its  present  form.  While  we  have  concen¬ 
trated  our  continuing  work  on  the  more  traditional 
beam  tube  geometry  as  described  below,  we  believe 
that  the  SADR  technique  still  has  merit.  The  sealed 
cell,  with  no  buffer  gas,  greatly  simplifies  construc¬ 
tion  of  a  cesium  frequency  standard.  Elimination  of 
the  vacuum  pump,  cesium  oven,  and  graphite  getters 
should  improve  reliability  and  lifetime  of  the  standard. 
The  method  may  be  used  in  applications  where  the 
large  light  shift  is  tolerable.  Alternatively,  methods 
should  be  explored  to  reduce  the  light  shift.  For  exam¬ 
ple,  op>eration  in  a  pulsed  mode,  where  the  microwave 
frequency  is  measured  in  the  dark,  may  be  pxissible. 

Short  Beam  Tube 

Apparatus 

We  also  made  measurements  on  an  optically  pumpxxl 
cesium  beam  standard  where  the  entire  microwave  cav¬ 
ity  was  contained  within  the  vacuum  system.  A  minia¬ 
ture  microwave  cavity  was  placed  in  the  region  be¬ 
tween  the  pump  laser  beam  and  the  detection  laser 
beam  of  an  optically  pumped  cesium  beam  of  tradi¬ 
tional  design.  The  cavity  used  was  a  dielectrically 
loaded  quasi-TEon  resonator,  consisting  of  a  copper 
cylinder  2.69  cm  ID  x  3.0  cm  long.  The  dielectric 
was  an  alumina  cylinder  1.91  cm  OD  x  1.28  cm  ID 
X  3.0  cm  long.  The  linewidth  of  the  microwave  cavity 
resonance  at  9.2  GHz  was  30  MHz,  centered  at  a  fre¬ 
quency  5  MHz  higher  than  the  exact  cesium  resonance 
frequency.  Coupling  to  the  cavity  was  achieved  using 
magnetic  loops  in  the  sidewall. 

For  these  measurements,  the  two  laser  beams  were 
approximately  1  mm  in  diameter,  with  314  /iW  up¬ 
stream  (pump  laser),  and  18.7  /iW  downstream  (de¬ 
tection  laser).  The  cesium  beam  diameter  is  also  1 
mm  in  diameter.  The  cesium  flux  at  the  downstream 
detector  was  about  2  x  10®  atoms/s,  based  on  the  flu¬ 
orescence  signal  and  predicted  collection  efficiency  (32 
percent)  of  the  detector.  This  figure  agrees  with  pre¬ 
dictions  based  on  the  cesium  oven  geometry. 

Microwave  Spectra 

In  order  to  make  a  2lmp=0  microwave  transition,  the 
rf  magnetic  field  must  be  in  the  same  direction  as  the 
static  C-field.  For  a  true  TEon  mode  microwave  cav¬ 
ity,  with  the  atomic  beam  on  axis,  this  direction  is 
along  the  longitudinal  axis  of  the  cavity.  We  expected 
the  same  to  be  true  of  the  dielectrically  loaded  TEqu 
cavity  used  in  these  measurements.  However,  with  a 


527 


Figure  7:  F=:4— ‘F',  showing  the  light  shift  of  SADR. 


moderately  uniform  longitudinal  C-field  we  observed 
little  or  no  /Imp  =  0  transitions.  The  /imp  =  ±1 
transitions,  on  the  other  hand,  were  quite  distinct. 
When  an  additional  static  field  was  applied  in  a  trans¬ 
verse  direction,  we  discovered  that  we  could  produce 
strong  zimp  =  0  transitions.  Figure  8  shows  the  phase 
sensitive  detector’s  output  for  the  ^Siy2,F'=.‘},mp=0 
*-»  ^1*3^2, F'=-l,  nip^O  clock  transition  when  a  trans¬ 
verse  field  is  applied.  The  same  laser  ,  locked  to  the 
^Si/2,F=4  *-*  ^P3/2,F'=4  optical  transition,  was  used 
for  both  pumping  and  detection.  Figure  9  shows  the 
same  spectrum  using  the  output  of  the  downstream 
detector  directly,  without  phase  sensitive  detection. 
Figure  8  is  just  the  derivative  of  Figure  9.  Notable 
in  these  curves  is  the  large  asymmetry  about  line  cen¬ 
ter,  and  the  presence  of  two  peaks.  In  fact,  the  shape 
of  Figure  9,  exclusive  of  the  asymmetry,  agrets  well 
with  an  inverted  Ilamsey  pattern,  with  a  line  width  of 
about  11  kHz.  This  line  width  corresponds  to  a  flatn- 
sey  interaction  length  of  1.4  cm,  about  half  the  cavity 
length  used  in  this  device.  The  maximum  fluorescence 
ob.served  on  this  microwave  transition  is  about  16.6 
percent  of  the  maximum  fluorescence  observed  down¬ 
stream  when  the  pump  laser  is  removerl  upstream. 
This  figure  agrees  well  with  values  obtained  in  earlier 
experiments  at  NDS  [6]. 

Figure  10  gives  most  of  the  Zeeman  spectra  for  this 
device,  taken  under  similar  conditions  to  those  in  Fig¬ 
ure  8.  Both  /imp=0  and  /Imp  =  ±1  transitions  arc 
clearly  visible  in  this  curve,  indicating  that  the  C-field 
is  not  parallel  to  the  rf  magnetic  field,  and  that  the 
C-field  is  moderately  uniform  (or  else  the  higher  fre¬ 
quency  Zeeman  transitions  would  broaden  consider¬ 
ably  more). 

We  make  the  following  interpretation  of  these  spec¬ 
tra.  Due  to  variations  in  the  wall  thickness  of  the  alu¬ 
mina  dielectric  in  the  microwave  cavity,  the  effective 
center  of  the  resonator  is  displaced  from  the  geometric 
center  of  the  cavity.  Consequently,  the  atomic  beam 
travels  a  line  which  crosses  transverse  rf  magnetic  fields 
at  the  entrance  and  exit  regions  of  the  cavity.  The 
phase  of  the  rf  fields  reverses  in  passing  from  the  en¬ 
trance  to  the  exit,  t  his  produces  the  inverted  Ramsey 
pattern  which  we  observe.  I’he  effective  length  of  this 
Ramsey  cavity  is  less  than  the  length  of  the  whole  cav¬ 
ity  bccau.se  of  the  extended  nature  of  the  microwave 
fields. 

While  unexpected,  this  result  may  actually  be  desir¬ 
able.  It  may  be  useful  to  use  this  unusual  Ramsey  cav¬ 
ity  in  a  small  package  which  is  simple  to  fabricate.  By 
choosing  materials  and  dimensions  properly,  the  effect 
can  be  controlled  and  reliably  reproduced.  The  tech¬ 


nique  can  be  used  with  a  rectangular  cavity,  instead 
of  the  circular  resonator  used  here.  In  the  case  of  the 
rectangular  cavity,  the  microwa-.e  magnetic  field  lines 
are  aligned  uniformly  in  a  direction  transverse  to  the 
atomic  beam  axis.  This  is  an  improvement  over  the 
cylindrical  cavity  used  in  this  work,  where  the  mag¬ 
netic  field  direction  changes  along  the  atomic  beam 
axis. 

This  interpretation  of  a  Ramsey  pattern  does  not 
explain  the  large  asymmetry  present  in  the  microwave 
spectrum.  Cutler  [15]  has  analyzed  the  case  in  which 
the  rf  field  direction  is  not  held  parallel  to  the  C-field. 
He  finds  that  large  frequency  shifts  are  possible  under 
such  conditions.  This  may  eventually  explain  the  large 
asymmetry  present  in  Figure  9.  At  present,  though, 
our  experimental  situation  is  too  incompletely  charac¬ 
terized  to  relate  it  to  Cutler’s  theory. 

'I'he  details  of  the  microwave  spectra  are  surpris¬ 
ing.  Very  narrow  features  appear  in  the  microwave 
spectra  when  the  transverse  and  longitudinal  C-fields 
are  varied  in  magnitude  and  direction  over  the  cav¬ 
ity  length.  An  example  of  this  phenomenon  is  shown 
in  Figure  11.  This  curve  has  features  which  are  only 
1.5  kHz  wide,  which  would  correspond  to  a  Ramsey 
interaction  length  of  about  10  cm.  Hashimoto  [16] 
has  described  narrow  features  in  rubidium  frequency 
standards  due  to  the  modulation  transfer  effect.  It 
seems  unlikely  that  modulation  transfer  is  responsi¬ 
ble  for  the  narrow  features  which  we  observe,  since 
the  optical  fields  arc  physically  separated  from  the  mi¬ 
crowave  fields.  While  our  experimental  arrangement  in 
its  present  form  is  too  variable  to  model  theoretically, 
it  is  important  to  note  that  it  is  possible  to  generate 
very  large  and  narrow  features  in  the  microwave  spec¬ 
tra.  Researchers  constructing  primary  frequency  stan¬ 
dards  are  setting  fractional  frequency  accuracy  limits 
of  less  than  1  x  10"'“*.  The  nairrow  features  described 
above  can  produce  frequency  shifts  as  large  as  1  x  10'^ 
in  our  apparatus.  The  laboratory  primary  frequency 
standards  are  generally  100  times  longer,  and  the  field 
uniformity  is  extremely  good.  Nonetheless,  there  is 
some  question  whether  these  features  are  rejected  by 
factors  of  10^  or  more. 


Frequency  Stability 


We  define  a  quantity  5,  which  is  a  measure  of  short 
term  stability: 


5  = 


(27r)'/2£/^(SNR) 


^-1/2 


where  /1j/^  is  the  atomic  resonance  linewidth,  is 
the  microwave  frequency,  SNR  is  the  (voltage)  signal- 
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Figure  8:  PSD  output  of  miniature  cesium  clock  transition. 


Figure  9:  Detected  fluorescence  of  miniature  cesium  clock  transition. 


5.1 


to-noise  ratio  in  a  one  Hz  bajidwicith,  and  t  is  the 
measurement  interval.  This  quantity  approximately 
equals  the  short  term  stability  of  an  atomic  frequency 
standard  [17], 

In  the  case  of  "'ur  optically  pumped  cesium  beam, 
with  a  short  mici  jwave  cavity,  typical  measured  values 
of  are  5500  Hz,  is  9.2  GHz,  and  SNR  is  624. 
This  results  in  a  value  of  S  of  3.8  x  The 

measured  <7y(r)  is  closer  to  5  x 

These  numbers  were  obtained  for  detection  using  the 
^Si/2,I''=4  *-»^P3/2i  F'=4  transition.  In  this  case,  the 
SNR  is  limited  by  our  detector  noise.  By  switching 
to  the  ^Sjy2,F=4  <-*  ^P3/2iF*=5  cycling  transition,  the 
detection  noise  is  limited  by  the  cesium  beam  “shot” 
noise.  Locking  the  laser  to  the  downstream,  ^Si/2,P=4 
«-*  ^1*3^2, transition,  we  measure  SNR=13,400, 
still  limited  by  detector  noise.  Using  this  value  in  the 
expression  for  S,  we  obtain  Oy(T)=1.8 
This  is  the  short  term  stability  to  be  expected  if  a 
separate  laser  is  used  to  detect  the  downstream  flu¬ 
orescence.  In  addition,  switching  to  a  longer  cavity 
configuration  (such  as  the  TE013  cavity  [18]),  increas¬ 
ing  the  oven  temperature  (a  20  deg  C  rise  in  temper¬ 
ature  gives  a  factor  of  4  increase  in  cesium  flux,  and  a 
factor  of  2  or  more  in  SNR),  and  increasing  the  emit¬ 
ting  area  of  the  cesium  oven  (a  factor  of  4  larger  area 
is  practical)  would  improve  the  value  of  5  by  a  fac¬ 
tor  of  12.  This  indicates  that  a  short  term  stability 
of  1.5  X  is  possible  in  a  miniature  cesium 

standard.  This  gives  us  ccnfidcnce  in  oi;r  ability  to 
meet  our  goal  of  1  x  10“^'r~'^^. 

Light  Shift 

Notwithstanding  the  large  frequency  shifts  of  unknown 
origin,  we  placo<l  some  limits  on  the  size  of  the  offsets 
due  to  light  shift.  We  optically  pumped  the  atoms 
with  tlie  ^Si/2,F=4  +->  ^P3/2>F^=5  optical  transition, 
and  measured  the  clock  frequency.  We  then  attenuated 
the  pump  laser  power  by  a  factor  of  2.3,  and  repeated 
the  frequency  measurement.  The  measured  frequency 
shift  was  (—6.9  ±  2)xl0“^°.  This  implies  a  total  light 
shift  for  the  full  power  optical  pumping  of  less  than 
(-1-12.1  ±  3.5)  X 10"^°.  It  is  interesting  to  note  that  for 
this  measurement  the  total  frequency  shift  associated 
with  the  asymmetric  line  is  800  x  10“*°.  It  is  likely 
that  the  frequency  shift  observed  when  the  pump  laser 
i.s  attenuated  is  also  associated  with  a  small  change 
in  the  asymmetry  of  the  microwave  resonance,  rather 
than  a  true  light  shift. 

Even  assuming  that  the  measured  shift  is  due  to 
light  shift,  if  one  uses  the  ^Si^2iF=4  ^P3^2)F'=4 

optical  pumping  transition  for  state  preparation,  the 


effect  is  reduced.  The  smaller  fluorescence  from  the 
latter  tansition  should  produce  less  shift.  Scaling  the 
limit  by  the  measured  size  of  the  fluorescence  present 
when  the  ^Sj/2,F=4  ^P3/2fF'=4  transition  is  used 

for  optical  pumping,  and  accounting  for  the  different 
light  shift  coeficients  of  the  two  optical  transitiotis,  the 
light  shift  limit  is  less  than  2  x  10“*°.  With  a  10  per¬ 
cent  stability  of  fluorescence  intensity,  the  maximum 
instability  due  to  light  shift  is  therefore  ±2  x  10“**. 

Based  on  theoretical  calculations  [19],  we  expect  the 
light  shift  to  be  much  smaller.  However,  a  more  sen¬ 
sitive  measurement  must  await  correction  of  the  large 
asymmetry  in  the  microwave  resonance. 

Alternative  Pumping  Method 

As  mentioned  above,  we  did  not  always  use  the  con¬ 
ventional  optical  pumping  transitions  [4].  A  static 
magnetic  field  was  applied  along  the  direction  of  the 
pump  laser  beam,  and  the  laser  light  was  circularly 
polarized.  In  this  manner,  the  atoms  in  the  ^Si/2,F=4 
ground  state  hyperfine  level  were  pumped  into  either 
the  ^Siy2,F=4,mp=-(-4  or  -4  sublevels,  depending  upon 
the  sign  of  circular  polarization.  Atoms  which  make 
the  ^Sj/2.F=3,mp=0  *-*  ^Si/2,F'=4,mp=0  microwave 
transition  then  contribute  to  increased  fluorescence  in 
the  downstream  detection  region. 

The  advantage  of  this  approach  is  that  the  same 
laser  can  be  used  for  optical  pumping  upstream  as  is 
used  for  fluorescence  detection  on  a  cycling  transition 
downstream,  thereby  helping  to  overcome  the  limita¬ 
tions  of  detector  noise.  One  disadvantage  is  that  atoms 
are  removed  from  the  ^Si/2,F=4,  mp=0  sublevel,  while 
the  atoms  in  the  ^S]/2,F=3,mp=0  sublevel  remain  un¬ 
changed  by  the  optical  pumping  process.  This  is  com¬ 
pared  with  the  conventional  pumping  method,  which 
increases  the  population  difference  by  adding  atoms 
to  the  ^Si/2,F=3,  mp=0  sublevel,  as  well  as  depleting 
the  ^Si/2,F=4,  mp=0  sublevel.  In  addition,  the  atoms 
in  the  ^Siy2)F=4,  mp  =  ±4  sublevels  can  contribute 
background  fluorescence  in  the  detection  region,  which 
increases  the  noise  appreciably.  This  latter  difficulty 
may  be  ameliorated  by  applying  a  relatively  large  mag¬ 
netic  field  in  the  detection  region,  which  shifts  the 
^Si/2,F=4,  mp  =  ±4  sublevels  out  of  the  laser  line 
width. 
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Abstract 

Experimental  research  at  NIST  toward  the 
realization  of  an  optical  frequency  standard  of  high 
accuracy  is  briefly  reviewed.  Oui  studies  have 

concentrated  on  single,  laser-cooled  ions  since  they  offer 
several  attractive  features  toward  the  achievement  of  high 
accuracy  (better  than  1  part  in  10'^).  These  features 
include  long  storage  times  which  eliminate  transit-time 
broadening,  confinement  that  is  nearly  nonperturbative  to 
the  internal  level  structure  of  the  ion,  laser-cooling  that 
reduces  motional  shifts  to  small  values,  and  ’electron¬ 
shelving'*  whereby  transitions  to  long-lived  states  can  be 
delected  with  unit  probability.  We  have  studied 
spectroscopically  the  electric-quadrupole  allowed  transition 
at  282  nm  (-*1  X  10'*  Hz)  in  a  single,  laser-cooled 
'’’Hg^  ion  stored  in  an  rf  Paul  trap  with  extremely  high 
resolution.  The  measured  linewidth  is  limited  presently  by 
the  spectral  purity  of  the  laser  to  about  80  Hz.  Possible 
improvements  and  future  directions  will  be  discussed. 

Introduction 

A  single  atom  ’at  rest  in  space’  has  been  promoted 
as  an  ideal  system  for  spectroscopic  measurements.' 
Certainly,  a  motionless  atom  that  is  free  of  any 
perturbations  must  be  considered  as  an  ideal  reference  for 
a  frequency  (and  time)  standard  with  high  accuracy.  A 
close  approximation  to  this  system  is  a  single,  laser-cooled 
ion  in  a  miniature  radio-frequency  (rf)  Paul  trap.  It 
appears  realistic  that  a  single,  trapped  ion  could  be  free 
from  perturbations  due  to  collisions,  Doppler  shifts  and 
electric  or  magnetic  fields  to  the  order  of  10"'*. 
However,  a  reference  based  on  one  atom  is  limited  to  a 
signal-to-noise  ratio  of  unity  (at  best)  for  a  single 
measurement  cycle.  Therefore,  the  stability  of  a 
frequency  standard  is  compromised  by  using  single  ions  to 
achieve  high  accuracy.  The  loss  of  stability  caused  by 
using  a  single  ion  can  be  partially  recovered  by  locking 

‘Contribution  of  the  U.S,  Government,  not  subject  to 
copyright. 


to  a  narrow  transition  with  a  resonance  frequency  that  lies 
in  the  optical  region  of  the  spectrum.  The  stability  of  an 
oscillator  locked  to  N  atoms  using  the  Ramsey  method  of 
interrogation  (assuming  100%  detection  efflcioicy)  is  givoi 
by* 

n,(t)  =  (^NT^alr*  (t>r^  (») 

where  r  is  the  averaging  time,  T^  is  the  Ramsey 
interrogation  period  and  ug  is  the  transition  frequency  in 
radians  per  second.  If  the  atomic  transition  is  in  the 
middle  of  the  visible  spectrum  (up/^T  »  S  x  10'^)  and  the 
Ramsey  period  is  1  s,  the  stability  for  a  single  atom  could 
be  as  go^  as  3.2  x  lOr'^r'’'.  The  potenbal  high  accuracy 
and  stability  of  a  single-ion  optical  frequency  standard 
make  it  attractive  as  a  clock.  An  important  problem, 
however,  is  the  difficulty  in  generating  time  from  optical 
frequencies.  The  technology  to  connect  microwave 
frequencies  to  visible  frequencies  has  been  demonstrated,^ 
but  it  is  cumbersome,  laser  intensive  and  narrowband. 
Schemes  for  broadband  division  from  the  optical  region  to 
Ure  microwave  region^  ^  and  for  simpler  multiplication  have 
been  proposed  and  are  being  investigated.'  These  would 
help  realize  the  full  benefits  of  a  single  ion,  optical 
frequency  standard. 

Experiment 

Presently  at  NIST  we  are  studying  the  Sd'^bs 
^Si,4(F=0,mp=0)  -►  5d’6s^  ^05,2  (F-2,mp=0)  electric- 
quadrupole  transition  (wg/2ir  =  1  x  10'*  Hz)  in  '’’Hg'*^  as 
an  optical  frequency  standard.*’*’’’'"  There  are  other  ions 
with  credentials  to  compete  as  an  optical  frequency 
standard'’"  and  several  groups  throughout  the  intemation^ 
community  are  investigating  some  of  these  choices.  A 
'""Hg  atom  is  ionized  and  trapped  in  the  harmonic 
pseudopotential  well  created  by  an  rf  potential  applied 
between  the  electrodes  of  a  miniature  Paul  trap  (endcap 
separation  2zo  »  660  fivn).  The  amplitude  of  the  rf 
potential  (at  frequency  0/2t  =  21  MHz)  could  be  varied 
up  to  1.2  kV.  The  ion  is  laser-cooled  to  a  few  millikelvins 
by  a  few  microwatts  of  radiation  from  two  194  nm  sources. 
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The  necessity  of  using  two  radiation  sources  to  laser-cool 
i99Hg+  caused  by  its  hyperfine  structure.  A  mercury 
isotope  with  hyperfine  structure  is  required  in  order  to  have 
a  first-order  field-independent  clock  transition  near  B  =  0. 
The  frequency  of  one  source  is  tuned  slightly  below  the 
resonance  of  the  strongly  allowed  transition  from  the 
5d'®6s  “S,^(F=1)  level  to  the  5d’°6p  ^Pi^(F=0)  level  (see 
Fig.  1).  Since  transitions  from  the  F=0  excited  level  to 
the  F=0  ground  level  are  forbidden,  the  ^Si,4{F=  1)  and  the 
*P,^(F=0)  levels  nearly  comprise  a  two-level  system. 
However  weak  off-resonance  excitation  in  the  Lorentzian 
tail  of  the  ’Si,4(F  =  l)  -»  ‘P,^(F=1)  transition  causes 
pumping  into  the  F=0  ground  level  through  the  F=1 
excited  level.  The  second  194  nm  source  is  tuned  to  the 
'Si^(F=0)  to  ^Pi,4(F=1)  transition  in  order  to  optically 
pump  the  ion  back  to  the  F  =  1  hyperfine  level  in  the 
ground  state.  In  this  way,  the  ion  can  be  cooled  to  near 
the  Doppler  cooling  limit  of  1.7  mK  by  scattering  photons 
at  194  nm.  Transitions  to  other  levels  are  detected  by 
measuring  the  fluorescence  count  rate  from  the  194  nm 
ohotons  that  are  scattered  by  the  ion  and  collected  in  a 
solid  angle  of  about  5  x  10"^  x  4t  sr.  For  ‘^Hg^,  we 
achieve  a  peak  count  rate  of  about  2S,(XX)/s  with  a  detector 
efficiency  of  10%. 

The  narrow  ^S^(F=0,mp=0)  -  ^Dj/2(F=2,mp=0) 
clock  transition  is  coherently  driven  by  radiation  at  282  nm 
obtained  by  frequency  doubling  the  radiation  from  a  cw  dye 
laser  that  is  stabilize  to  a  high  finesse  cavity.’  ’®  The 
frequency  of  the  fundamental  radiation  at  363  nm  could  be 
offset  from  the  cavity  resonance  and  tuned  through  the  ion 
resonance  by  means  of  an  acousto-optic  modulator.  The 
282  nm  radiation  and  the  194  nir.  radiation  are  turned  off 
and  on  sequentially  in  order  to  prevent  broadening  and 
shifts  of  the  narrow  S-D  transition.  Optical-optical  double 
resonance’ (electron  shelving’  ’^)  is  used  to  detect  each 
transition  to  the  metastable  D  state  as  a  function  of  the 
frequency  of  the  282  nm  laser.  At  the  beginning  of  each 
measurement,  the  ion  is  prepared  in  the  F=0  hyperfine 
state  in  the  ground  level  by  blocking  the  194  nm  source 
tuned  to  the  ^Si,i(F=0)-^Pi,4  (F=l)  transition  for  a  period 
of  5  ms.  During  this  time  the  194  nm  source  tuned  to  the 
^Si^(F=  1)  -  ^Pi^  (F=0)  transition  optically  pumps  the  ions 
into  the  F=0  ground  state.  After  this  period,  both  sources 
at  194  nm  are  blocked  and  the  282  nm  light  is  permitted  to 
radiate  the  ion  for  a  period  that  was  varied  up  to  IS  ms. 
The  frequency  of  the  282  nm  radiation  was  tuned  to 
resonance  or  near  resonance  with  the  ^Si;i(F=0,mp=0)  - 
^D5/2(F=2,mp=0)  transition.  At  the  end  of  the  probe 
period,  the  282  nm  radiation  was  turned  off  and  both  194 
nm  sources  were  turned  back  on.  If  194  nm  fluorescence 
was  detected  no  t  ansition  to  the  D  state  was  recorded;  if 
no  fluorescence  vas  detected,  a  transition  to  the  D  state 
was  recorded.  The  data  was  digitized,  1  for  fluorescence 
and  0  for  no  fluorescence,  and  then  averaged  with  the 
previous  results  at  this  frequency.  Then  the  frequency  of 
the  282  nm  radiation  was  stepped  and  the  measurement 


cycle  repeated.  With  the  high  fluorescence  rate  at  194  nm, 
it  was  possible  to  detect  each  transition  with  nearly  no 
ambiguity  in  10  ms. 

Since  there  were  long  term  drifts  in  the  frequency 
of  the  narrow-band  282  nm  radiation,  we  locked  its 
frequency  to  the  narrow  S-D  transition  with  an  attack  time 
of  a  few  seconds.’®  To  do  this,  we  began  each 
measurement  cycle  by  stepping  the  282  nm  radiation  to 
near  the  half  power  point  on  each  side  of  the  resonance  N 
times  (N  varied  from  8  to  32).  At  each  step,  we  probed 
for  5  ms  and  then  looked  for  any  transition  with  the 
electron-shelving  technique.  We  averaged  the  N  results 
from  each  side  of  the  resonance  line,  took  the  difference 
and  corrected  the  frequency  of  the  282  nm  laser.  In  this 
way,  variations  in  the  frequency  of  the  282  nm  laser  for 
time  periods  exceeding  a  few  seconds  were  reduced. 

In  Fig.  1,  we  show  a  spectrum  obtained  of  the 
resonance  of  the  narrow  S-D  transition.  For  this  figure 
138  consecutive  scans  were  made  where  the  282  nm  probe 
period  was  15  ms,  and  the  step  size  was  15  Hz  at  563  nm 
(30  Hz  at  282  nm).  The  resonance  shows  a  clearly 
resolved  triplet  with  the  linewidth  of  each  component  less 
than  40  Hz  (<  80  Hz  at  282  nm).  We  believe  that  this 
triplet  structure  is  caused  by  Rabi  power  broadening.  The 
282  nm  radiation  is  focuss^  on  the  ion  to  a  spot  size  of 
about  25  /xm;  therefore,  on  r  ^nance,  a  laser  flux  of  fewer 
than  10®  photons/s  will  saturate  the  transition.  Below  the 
data  is  a  theoretical  lineshape  calculated  for  an  ion  at  r&>i, 
for  no  broadening  due  to  collisions  or  laser  bandwidth,  for 
a  pulse  length  of  15  ns  and  for  sufficient  power  to  give  a 
3.5  T-pulse.  Qualitatively  the  figures  compare  well.  The 
fluctuations  from  measurement  cycle  to  measurement  cycle 
in  the  quantum-occupation  number  of  the  ion  in  the 
harmonic  well  of  the  trap  cause  variations  in  the  transition 
probability  of  the  ions.  This,  and  the  finite  linewidth  of 
the  laser,  likely  cause  the  general  broadening  and 
weakening  of  the  signal.  We  plan  to  study  the  lineshape 
and  the  effects  of  power  broadening  in  more  detail  in  future 
experiments. 

We  have  discussed  so  far  the  possibility  of 
improving  the  frequency  stability  in  a  single-ion  frequency 
standard  by  increasing  the  frequency  of  the  clock  transition. 
From  Eq.  1 ,  we  see  that  it  is  also  possible  to  improve  the 
stability  of  the  frequency  device  as  the  square  root  of  the 
number  of  trapped  ions.  However,  for  two  or  more  laser- 
cooled  ions  in  a  quadrupole  rf  trap,  the  Coulomb  force 
between  ions  repels  them  apart  and  away  from  trap  center. 
If  the  ions  do  not  reside  at  the  center  of  the  trap,  they 
experience  a  force  from  the  rf  trapping  potential  whose 
magnitude  increases  with  the  distance  away  from  trap 
center.  This  force  causes  motion  of  the  ion  at  the  trapping 
field  frequency.  Thus  the  ions  are  no  longer  at  rest  in 
space  and  the  second-order  Doppler  shift  due  to  the  motion 
of  ions  at  the  rf  frequency  (termed  "micromotion")  grows 
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Figure  1.  On  the  left  is  a  simplified  ener^v  level  diagram  for  at  zero  magnetic  field. 

The  quantized  signal  of  the  power-broadened  lineshape  obtained  by  scanning  through  the 
Doppler-free  resonance  of  the  ^Si^(F=0,mp=0)  -  ^D5/2(F=2,mp=0)  transition  in  a  single 
laser-cooled  ion  is  shown  in  the  upper  figure  on  the  right.  The  frequency  of  a 

narrowband  laser  at  563  nm  is  doubled  and  long-term  stabilized  by  locking  to  the  S-D 
transition  in  the  ion.  The  frequency  of  the  laser  is  then  stepped  through  the  resonance  in  15 
Hz  increments  (30  Hz  increments  at  282  nm)  for  138  consecutive  sweeps.  The  lower-right 
figure  shows  the  lineshape  calculated  for  conditions  similar  to  the  experimental  conditions  for 
the  upper  figure,  except  that  the  ion  is  assumed  to  have  zero  temperature  and  the  laser  is 
assumed  to  have  zero  linewidth. 
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substantially  larger  than  2  x  10  **. ‘ 

Another  type  of  trap,  the  linear  rf  trap,*  *^**  may 
allow  the  possibility  to  trap  many  ions  while  at  the  same 
time  keeping  the  amplitude  of  their  micromotion  small. 
Ideally,  the  energy  in  the  micromotion  should  be 
approximately  equal  to  the  energy  in  the  laser-cooled 
secular  motion  of  the  ion.  If  so,  then,  even  with  many 
cold  ions,  it  will  be  possible  to  achieve  small  second-order 
Doppler  shifts  (<  2  x  10'*®).  In  fact,  the  fractional 
second-order  Doppler  shift  should  be  somewhat  less  in  a 
linear  rf  trap  than  in  a  quadrupole  rf  trap*'**  because  of  the 
absence  of  rf  micromotion  along  the  symmetry  axis  of  the 
linear  trap.  A  schematic  of  a  linear  rf  trap  is  shown  in 
Fig.  2.  An  rf  potential  is  applied  to  a  pair  of  opposing 
rods  while  the  other  pair  is  held  at  ground  potential.  This 
produces  a  time  averaged  force  which  confines  ions  in  the 
radial  direction.  An  electrostatic  potential  applied  to  the 
end  sections  of  the  electrodes  confines  the  ions  along  the 
trap  axis.  In  a  linear  trap  the  rf  fields  approach  0  along  a 
line  (ideally  along  the  trap  axis)  rather  than  only  at  a  point 
as  in  the  quadrupole  rf  trap. 


Figure  2.  An  example  of  a  possible  electrode  configuration 
for  a  linear  rf  trap.  In  this  configuration,  if  the  length  of 
the  electrodes  is  much  greater  than  the  linear  extent  of  the 
ions,  the  rf  potential  at  the  position  of  the  ions  has  no  z 
component.  Thus,  the  energy  in  the  micromotion  of  ions 
that  are  trapped  along  the  axis  of  symmetry  (the  z-axis)  can 
be  on  the  order  of  the  secular  motion  energy. 

Use  of  a  linear  rf  trap  would  allow  us  to  store  many 
laser-cooled  ions  (N  =  50),  each  nearly  at  rest  in  a  benign 
environment  and  each  acting  as  an  independent  clock.*  **  ** 
Hence,  the  lir.iitation  to  accuracy  caused  by  second-order 
Doppler  shifts  in  a  frequency  standard  based  on  a  linear 
array  of  trapped  ions  should  be  equivalent  to  a  single  ion 
frequency  standard  and  the  stability  should  be  better  by  the 
square  root  of  the  number  of  stored  ions.  Thus,  a  linear 
trap  frequency  standard  becomes  attractive  even  for 
microwave  frequencies.  For  example,  from  Eq.  1 ,  for  Tr 
=  100  s,  N  =  50  and  =  40.5  GHz  (the  ground  state 
hyperfine  splitting  in  *”Hg+)  the  frequency  stability  would 
be  (Tyfr)  =  5.5  X  10'**r  ’^.  We  have  begun  our  studies  of 
both  a  microwave  and  optical  frequency  standard  based  on 


a  linear  trap  with  up  to  approximately  30  laser-cooled  ions. 
We  have  observed  crystallization  of  the  cold  ions  along  the 
trap  axis,  and  observed  the  40.5  GHz  microwave  transition 
with  a  fractional  resolution  of  about  6  x  10  *^.  Future 
possibilities  include  using  the  nearly  motionless  string  of 
ions  in  tests  of  various  principles  in  fundamental  physics 
such  as  interference  experiments  and  cavity  QED. 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


INTENSITY  AND  FREQUENCY  NOISE  IN  SEMICONDUCTOR  LASERS 


Kerry  J.  Vahala 


California  Institute  of  Technology 


An  overview  of  the  physics  governing  frequency 
and  intensity  noise  in  semiconductor  lasers 
will  be  discussed  and  the  noise  performance  of 
state-of-the-art  laser  diodes  will  be  reviewed. 


Semiconductor  lasers  have  now  found  their  way 
into  several  large  commercial  markets.  Bright¬ 
ness,  diffraction  limited  spot  size,  power 
efficiency,  reliability,  and  cost  per  component 
are  the  overriding  concerns  in  most  of  these 
applications.  A  sole  exception  is  their  appli¬ 
cation  to  fiber  optic  telecommunication  systems. 
Research  and  product-development  activities  in 
this  area  continue  to  set  impressive  device 
performance  records  concerning  spectral  purity, 
tunability,  modulation  speed,  and  relative  in¬ 
tensity  noise  levels.  As  a  result  of  this 
effort  commercial  semiconductor  lasers  are  near¬ 
ly  ideal  in  terms  of  their  physical  properties. 
Their  intensity  noise  spectra  and  short-term 
frequency  stability  are  governed  almost  exclus¬ 
ively  by  quantum  mechanical  effects,  and  these, 
in  turn,  determine  system  performance  levels. 

In  this  paper  we  will  review  the  physics  govern¬ 
ing  field  fluctuations  in  semiconductor  lasers, 
discuss  the  performance  levels  that  have  been 
achieved  in  state-of-the-art  devices,  and  try  to 
forecast  future  performance  levels  and  novel 
structures/inaterials  that  may  one-day  be  used  in 
these  devices. 
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Abstract 

An  introductory  survey  of  fiber  optic  techniques  for  signal 
transmission  is  given.  Both  intensity  modulation/direct 
detection  (IM/DD)  and  coherent  approaches  will  be  discussed. 
IM/DD  is  widely  used  in  telecommunication  and  for 
RF/microwave  signal  transmission.  Coherent  technique  has 
more  stringent  laser  phase  stability  requirements  but  provides 
greater  sensitivity  and  enhanced  frequency  selectivity.  The 
system  performances  of  both  approaches  are  greatly  enhanced 
by  an  inline  low  noise  fiber  optical  amplifier.  Mixing  of 
coherent  laser  beams  has  been  used  to  generate  narrow 
linewidth  microwave  signals. 


1.  Introduction 

Fiber  optics  has  made  astounding  progress  since  the  first 
proposal  to  fabricate  ultra  low  loss  dielectric  optical  waveguide 
was  made  in  1966.^  The  achievement  of  CW  operation  at 
0.8  pm  in  semiconductor  GaAlAs  lasers  at  about  the  same  time 
greatly  facilitated  development  of  the  technology.  The 
progress  in  device  technology  has  been  very  impressive 
indeed.  Fiber  transmission  attenuation  has  been  reduced  from 
decibels  per  meter  to  a  fraction  of  a  decibel  per  kilometer. 
Furthermore,  because  modal  dispersion  can  be  used  to 
compensate  for  material  dispersion,  single  mode  silica  fibers  — 
with  zero  dispersion  occurring  at  a  wavelength  (around 
1550  nm)  where  the  fiber  attenuation  (0.2  db/km)  is  also  the 
lowest,  the  so-called  dispersion  shifted  fiber — are  readily 
available.^  The  combination  of  low  attenuation  and  zero 
dispersion  enables  long  distance  repeater-free  high  frequency 
signal  transmission.  The  other  critical  components  of  a  fiber 
optic  link,  the  laser  transmitter  and  the  photodiode  detector, 
have  made  equally  impressive  gains.  Progress  in  device 
technology  resulted  in  compact  and  rugged  components  with 
multigigahertz  frequency  response  capabilities,  ushering  in  a 
new  era  of  signal  transmission.  The  demonstration  of  erbium- 
doped  fiber  optical  amplifier  operating  in  the  1550  nm 
wavelength  region  in  added  fuel  to  an  already 

explosive  developmental  environment,  providing  additional 
exciting  possibilities.  The  high  gain,  low  noise  figure,  wide 
bandwidth  and  polarization  insensitive  inline  fiber  optical 
amplifier  has  effectively  alleviated  loss  limitation  in  most 
systems. 


In  this  paper,  we  give  an  introductry  survey  of  the  fiber 
optic  technique.  The  intensity  modulation/direct  detection 
technique,  the  most  widely  used  approach  at  present,  will  be 
discussed  in  the  next  section.  Applications  in  addition  to 
deployment  in  telecommunication  systems  include  reference 
frequency  distribution,  antenna  remoting  and  signal  feed  for 
wideband  microwave  phased  array  antennae.  A  brief 
discussion  of  the  erbium-doped  fiber  optical  amplifier  and  its 
impact  on  long  distance  signal  transmission  will  also  be  given, 
followed  by  a  discussion  on  coherent  technique  and  its 
requirements  on  laser  linewidth  and  frequency  stability.  We 
will  also  discuss  recent  developments  in  narrow  linewidth 
lasers,  laser  frequency  stabilization,  and  generation  of 
microwave  signals  using  coherent  mixing  of  two  laser  beams. 

II.  Intensity  Modulation/Direct  Detection  Technique 

The  ability  to  use  high  frequency  current  to  modulate  the 
optical  output  of  a  laser  diode  and  to  recover  the  information 
using  a  photodiode  detector  makes  direct  laser  modulation  a 
very  simple  and  convenient  approach  to  a  fiber  optic  link.  It  is 
thus  not  very  surprising  that  today  most  of  the  deployed  fiber 
optic  systems  employ  the  laser  intensity  modulation  and  direct 
detection  technique.  The  approach  is  limited  by  (1)  laser 
intensity  noise,  and  (2)  the  modulation  response  of  the  laser.  In 
addition  to  nonlinearities  that  introduce  intermodulation 
products,  direct  modulation  of  the  laser  also  broadens  its 
emission  spectral  linewidth,  which  enhances  the  dispersion 
effect. 

Laser  intensity  noise  is  the  dominant  source  of  noise  in  a 
short  fiber  optic  link.  It  arises  from  photon  number  and  carrier 
density  fluctuations  and  is  defined  as  the  ratio  of  the  mean 
square  amplitude  of  these  fluctuations  to  the  square  of  the 
average  intensity  level,  or 

RIN  =  <8p2>/Po2  (1) 


The  spiectral  characteristics  of  relative  intensity  noise  (RIN)  is 
an  important  consideration  in  RF  and  microwave  signal 
transmission  applications.  RIN  has  a  resonant  peak  at  the  laser 
relaxation  frequency  ©r  given  by:^ 

®r  ~  -^((1  /  Ith  ~  I)  /  ^s^p)  (2) 
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where  I/lui  is  the  laser  injection  current  normalized  to  its 
threshold  value,  and  Xj  and  Xp  are  the  carrier  and  the  photon 
lifetimes  with  values  of  the  order  of  3  ns  and  1  ps,  respectively. 
Thus,  peak  RIN  occurs  at  a  frequency  of  a  few  gigahertz, 
limiting  the  high  frequency  operation  of  the  laser.  As  can  be 
seen  from  Eq.  (2),  the  laser  modulation  bandwidth  can  be 
increased  by  operating  the  laser  at  higher  output  levels.*  More 
recent  devices  have  operated  at  a  modulation  frequency  up  to 
24  GHz.7  At  the  low  frequency  end,  the  measured  intensity 
noise  is  also  enhanced  because  of  coupling  between 
longitudinal  modes. ^  By  beating  with  the  modulation 
frequency,  this  noise  could  be  translated  into  the  signal  band, 
causing  signal  to  noise  degradation. 

The  process  of  modulating  the  RF  signal  onto  the  optical 
carrier  could  involve  significant  losses.  In  addition  to  the 
optical  coupling  losses  from  the  laser  to  the  fiber  and  from  the 
fiber  to  the  detector,  the  modulation  process  could  also 
encounter  losses  from  impedance  mismatch.  The  RF-to- 
optical-to-RF-link  insertion  loss  could  be  as  high  as  50  dB; 
typically  between  10  to  30  dB.  A  systematic  optimization  of 
the  circuit  model  of  a  directly  modulated  fiber  optic  link  using 
a  laser  with  a  RIN  of  -136  dB/Hz  shows  an  insertion  loss  of 
13.6  dB,  a  noise  figure  of  33  dB,  and  an  intermodulation  free 
dynamic  range  of  91  dB.9  For  greater  modulation  bandwidth 
(up  to  1(X)  GHz)  10  an  external  modulator  could  be  used.  This 
is  typically  a  Mach-Zehnder  interferometer  where  the 
differential  phase  shifts  produced  by  the  RF  signal  in  the  two 
arms  of  the  interferometer  are  combined  to  give  an  intensity 
modulated  signal.  Since  in  this  case  the  laser  is  operating  CW, 
there  is  no  modulation  broadening  of  the  laser  emission 
spectra.  A  low  noise  high  power  output  laser,  such  as  a  diode- 
laser-pumped  Nd;YAG  laser,  could  be  used  to  provide  a  low 
noise  link.  Incorporating  linearization  and  compensation 
designs,  the  external  modulator  could  also  provide  a  greater 
distortion  free  dynamic  range.  The  main  drawback  of  the 
external  modulator  is  greater  system  complexity. 

A  few  examples  of  applications  of  the  IM/DD  technique 
with  time  and  frequency  control  implications  are  (1)  Maser 
reference  frequency  distribution,  •  •  which  takes  advantage  of 
the  low  coefficient  of  delay  of  the  silica  fiber.  Stable  reference 
signal  distribution  over  multi-kilometer  distance  has  been 
demonstrated  by  using  the  bidirectional  transmission  capability 
of  the  fiber  and  a  phase  conjugate  delay  compensation 
technique.  (2)  Optical  steering  of  a  dual-band  microwave 
phased  array  antenna*^  has  been  demonstrated.  The  approach 
takes  advantage  of  the  fact  that  transmission  through  a  fiber 
optic  feed  provides  true  time  delay.  The  programmed  phase  of 
the  signal  at  the  radiating  element  is  thus  independent  of 
frequency,  enabling  multiband  antenna  operation.  (3)  A  fiber 
optic  radar  noise  test  set  at  X-band'^  has  demonstrated  superior 
measurement  capability.  Antenna  remoting,  tele¬ 
communication,  and  fiber  optic  sensors  are  other  well- 
established  applications  of  the  IM/DD  technique. 

III.  Erbium-Doped  Fiber  Optical  Amplifier 

An  amplifier  is  a  critical  component  of  a  signal 
transmission  system.  The  ability  to  fabricate  an  optical 
amplifier  has  existed  since  the  demonstration  of  the  very  first 
laser.  After  all,  the  acronym  LASER  stands  for  Light 
Amplification  by  Stimulated  Emission  of  Radiation.  By  proper 
fabrication  techniques  to  control  the  facet  reflectivity,  we  can 


make  a  semiconductor  laser  operate  below  the  threshold  for 
lasing  as  an  amplifier.  Although  semiconductor  optical 
amplifiers  have  several  desirable  characteristics,  such  as  simple 
current  injection  pumping,  and  can  be  designed  to  operate  at 
any  wavelength,  the  coupling  losses  reduce  the  effective 
amplifier  gain  and,  more  importantly,  the  gain  is  sensitive  to 
the  signal  state  of  polarization.  This  latter  factor  is  a  distinct 
drawback  for  semiconductor  optical  amplifiers,  which  has 
placed  severe  constraints  on  applications.  Thus,  even  though 
significant  progress  has  been  made  in  reducing  polarization 
sensitivity,  semiconductor  optical  amplifiers  have  not  created 
the  same  kind  of  excitement  as  the  newer  erbium-doped  fiber 
amplifier  (EDFA),  which  operates  only  in  the  1550  nm  region. 

An  erbium-doped  fiber  can  be  pumped  at  any  one  of 
several  different  wavelengths  to  obtain  optical  amplification  at 
1550  nm.'^  The  main  interest  is  centered  on  980  and  1480  nm 
sources  because  of  the  availability  of  high  power 
semiconductor  lasers  at  these  wavelengths.  The  most  attractive 
features  of  an  EDFA  are:  (1)  high  gain  (45  dB),  (2)  high 
bandwidth  (40  nm)  operation,  (3)  nonsensitivity  to  signal 
polarization,  and  (4)  the  amplifier’s  capability  of  having  a  near- 
quantum-limit  noise  figure  (3  dB).  The  device  is  simple  and  is 
easily  spliced  into  the  fiber  transmission  line,  thus  alleviating 
the  need  for  the  cumbersome  and  lossy  optoelectronic 
repeaters.  Since  the  first  demonstration  of  the  EDFA  device  in 
1987,  development  has  been  rapid  and  impressive.  Indeed, 
transmission  of  a  2.5  GB/s  signal  over  2200  km  of  fiber  using 
an  EDFA  chain  has  been  demonstrated. '5  The  feasibility  of 
transmitting  a  5  GB/s  signal  over  9000  km,  and  2.5  GB/s  signal 
over  21000  km,  using  EDFAs  in  a  recirculating  loop 
configuration  has  also  been  demonstrated.**  As  a  pre¬ 
amplifier,  an  EDFA  will  greatly  improve  the  sensitivity  of  a 
photorecciver.  At  high  bit  rates,  the  sensitivity  of  an  IM/DD 
receiver  with  an  EDFA  pre-amplifier  is  comparable  to  that  for 
an  existing,  much  more  complex,  coherent  optical  receiver. 

rv.  Coherent  Technique 

A  coherent  optical  communication  system  offers  greater 
frequency  selectivity  and  receiver  sensitivity.  The  former 
effectively  increases  the  capacity  of  the  system  by  enabling 
greater  utilization  of  the  optical  bandwidth  for  information 
transfer.  The  latter  is  achieved  using  the  high  power  local 
oscillator  laser  to  suppress  the  detector  noise,  analogous  to  that 
in  the  electronic  heterodyne  receiver.  Sensitivity  improvement 
depends  on  the  modulation  scheme  and  the  receiver  design.** 
To  obtain  these  desirable  benefits,  the  technical  challenges  are 
reduction  of  laser  phase  noise,  for  both  the  transmitter  and  local 
oscillator  lasers,  and  maintaining  polarization  matching 
between  the  received  signal  and  the  local  oscillator  beam.  In 
the  latter  case,  polarization-maintaining  fiber,  as  well  as  other 
polarization  determining  devices,  have  been  employed.*^ 
Polarization  diversity  receivers  in  which  the  received  signal  is 
processed  in  two  different  channels  corresponding  to  two 
polarization  states  have  also  been  investigated. 20  The 
processed  signals  could  then  be  recombined  to  recover  the 
transmitted  information. 

Laser  phase  noise  is  a  major  technical  challenge  in  a 
coherent  system.  A  measure  of  phase  noise  is  the  laser 
emission  linewidth,  and  it  is  generally  recognized  that  narrow 
linewidth  lasers  are  required  for  coherent  communication.  The 
requirement  also  depends  on  the  information  transfer  rate,  the 
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modulation  technique,  and  error  tolcrance.^l  Thus,  for  a  given 
bit  error  rate,  the  greatest  receiver  sensitivity  is  achieved  using 
a  homodyne  phase  shift  keying  technique.  The  required  laser 
linewidth  has  been  calculated  to  Iw  3.1x10  '*  times  the 
information  bit  rate.  The  corresponding  ratio  for  a  frequency 
shift  keying  approach  is  in  a  more  modest  range  of  7.2x10-3  to 
9x10-2.  For  a  100  MB/s  system,  the  required  laser  linewidths 
are  31,  720  to  9000  kHz,  respectively.  Until  recently,  such 
linewidth  requirements  were  considered  to  be  difficult  to  attain 
in  semiconductor  lasers  (although  laboratory  gas  and  dye  lasers 
have  shown  much  narrower  linewidths).  The  progress  in 
device  technology  is  such  that  within  a  short  time  span  we  have 
seen:  (1)  a  diode-laser-pumped  Nd:YAG  ring  laser  with  a 
linewidth  of  3  kHz;27  (2)  a  distributed  feedback  multi¬ 
quantum-well  laser  using  corrugation  pitch  modulated  grating 
to  obtain  170  kHz  linewidth; 23  (3)  a  distributed  Bragg  reflects' 
MQW  laser  with  a  long  cavity  to  obtain  85  kHz  linewidth;24 
and  (4)  an  erbium-doped  fiber  ring  laser  with  a  linewidth  of 
60kHz.23  Other  techniques,  such  as  external  cavity  and 
coupled  cavity  lasers,  have  shown  similarly  impressive  results 
but  are  considered  to  be  too  susceptible  to  perturbations  for 
system  deployment 

Another  aspect  of  the  laser  phase  noise  is  the  stability  of  the 
laser  emission  frequency.  Semiconductor  lasers  exhibit  typical 
temperature  sensitivity  of  about  10  GHz/'K  and  injection 
current  sensitivity  of  about  0. 1  GHz/mA.  These  parameters  are 
utilized  with  a  frequency  reference  for  electronic  stabilization 
of  the  laser  frequency.  For  short  terms  and  less  critical 
requirements,  a  Fabry  Perot  resonator  provides  a  simple 
frequency  discriminator.  For  longer  terms  and  more  critical 
requirements,  atomic  and  molecular  transitions  have  been 
employed  as  references.26 


V.  Optical  Generation  of  Microwaves 

Mixing  of  two  laser  beams  can  be  used  to  generate 
microwave  signals.27  The  upper  frequency  of  the  signal  is 
limited  by  the  detector  response,  which  has  been  shown  to  be 
as  high  as  100  GHz.  The  linewidth  and  stability  of  the  signal 
depend  on  the  spectral  characteristics  of  the  mixing  beams.  If 
the  mixing  beams  are  coherent,  very  narrow  linewidth  signals 
can  be  generated.  An  example  is  the  generation  of  a  35  GHz 
signal  with  a  measurement  limited  linewidth  of  10  Hz.28  The 
experiment  utilizes  a  5.8-GHz  frequency  modulated  master 
laser.  The  upper  and  lower  third  harmonic  sidebands  are  used 
to  optical-injection-lock  two  slave  lasers,  whose  outputs  are 
then  coherent  with  each  other  (and  with  the  master  laser)  and 
separated  by  the  35  GHz  frequency  of  the  signal  to  be 
generated.  An  alternate  and  more  versatile  way  to  obtain  phase 
coherence  between  two  frequency  offset  laser  beams  is  by 
optical  mixing  and  employing  electronic  phase  lock  loop 
techniques.29  In  this  case,  narrow  linewidth  lasers,  such  as 
diode-laser-pumped  Nd:YAG  lasers,  are  essential.  The  low 
frequency  phase  fluctuations  can  be  effectively  tracked  and 
corrected  by  electronic  feedback  in  one  of  the  lasers.  A 
30  GHz  beat  signal  with  a  linewidth  of  1  mHz  has  been 
demonstrated.  Using  a  tunable  frequency  reference,  one  can 
obtain  coherent  laser  beams  at  variable  offset  frequencies. 


VI.  Conclusion 

In  this  brief  survey  of  fiber  optic  techniques  we  have 
indicated  some  exciting  developments  in  the  field.  Progress  in 
device  technology  is  occurring  at  a  brisk  pace.  The  technique 
is  expected  to  have  a  revolutionary  impact  on  signal 
transmission. 
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Abstract:  Measurements  have  shown  that 
cesium  tubes  with  appreciable  aM=±1  (sigma) 
transitions  have  significant  frequency  departures 
from  the  Breit-Rabi  value  as  a  function  of  C- 
field.  The  behavior  is  quite  different  from  the 
usual  pulling  by  aM=0  (pi)  transitions  (Rabi 
pulling).  A  detailed  theoretical  analysis  of  the 
pulling  by  both  sigma  and  pi  transitions  using  a  six 
level  model  has  been  carried  out  and  some  of  the 
results  are  presented  here.  The  most  important 
result  is  that  the  contributions  to  the  clock 
transition  probability  from  the  closest  sigma 
transitions  have  the  Ramsey  shape  but  with  a 
shifted  center  when  the  state  populations  are 
asymmetric.  Thus  the  pulling  by  these  sigma 
transitions,  which  we  call  Ramsey  pulling,  cannot 
be  reduced  by  third  harmonic  detection  or  other 
background  slope  removal  techniques  that  are 
effective  in  Rabi  pulling.  Ramsey  pulling  can 
only  be  reduced  by  decreasing  the  sigma 
transitions  and  the  population  asymmetries. 
Optical  pumping  could  be  arranged  that  would 
have  clear  advantage  with  regard  to  population 
asymmetries. 

Introduction 

Recent  measurements  [1]  on  cesium  atomic 
beam  tubes  known  to  have  appreciable  aM=±1 
(sigma)  transitions  have  shown  significant 
oscillatory  departures  from  the  expected  Breit- 
Rabi  value  as  a  function  of  C-field.  The  pulling 
behavior  in  these  tubes  is  quite  different  from  the 
usual  Rabi  pulling  which  is  caused  by  the  residual 
background  slope  due  to  incomplete  cancellation 
of  the  skirts  of  the  neighboring  aM=0  (pi) 
transitions.  (In  this  paper  and  in  reference  [2]  we 
have  used  pi  and  sigma  to  designate  parallel  and 
perpendicular,  respectively,  orientation  of  the 


microwave  magnetic  field  with  respect  to  the  C- 
field.  This  is  in  contrast  to  the  usual  optical 
definition  in  which  pi  and  sigma  mean  that  the 
optical  electric  field  is  parallel  and  perpendicular, 
respectively,  to  the  static  magnetic  field.)  Rabi 
pulling  can  be  greatly  reduced  by  techniques  that 
can  detect  the  residual  background  slope  such  as 
third  harmonic  detection  of  sinusoidal  modulation. 
In  contrast,  the  pulling  in  tubes  with  significant 
sigma  transitions  cannot  be  reduced  greatly  by 
background  slope  detection  techniques.  Also,  the 
period  of  the  oscillatory  departure  versus  C-field 
in  these  tubes  is  about  twice  what  is  expected  from 
Rabi  pulling,  but  this  is  not  surprising  in  itself  if 
the  bulk  of  the  effect  is  due  to  the  sigma 
transitions  since  they  are  only  half  as  far  away. 

It  was  suspected  that  the  significant  microwave 
sigma  transitions  might  differ  in  behavior  from  the 
pi  transitions  since  the  sigma  transitions  adjacent 
to  the  clock  transition  always  involve  at  least  one 
of  the  clock  states  (F=3,  M=0  or  F=4,  M=0)  while 
the  neighboring  pi  transitions  are  between  levels  of 
the  same  M  value  and  do  not  involve  clock  states. 
Therefore  the  pi  transitions  can  be  treated  to  very 
good  approximation  as  completely  independent.  A 
detailed  theoretical  analysis  was  performed  [2]  and 
this  suspicion  was  confirmed.  The  analysis  will 
not  be  described  in  detail  here  but  some  of  the 
results  will  be  presented  as  well  as  some 
experimental  verification  of  the  theory.  We  call 
the  pulling  due  to  sigma  transitions  Ramsey 
pulling. 

It  is  now  clear  that  these  sigma  transitions  are 
detrimental  to  the  performance  of  cesium  beam 
and  other  types  of  frequency  standards  and  should 
be  minimized  if  highest  accuracy  and  best  long 
term  stability  are  to  be  achieved. 
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Physical  System 

The  six  significant  leyeis  in  the  hyperfine 
structure  of  cesium  that  are  inyolyed  in  the  pulling 
study  are  shown  in  Figure  1.  The  three  pi 
transitions  (in  which  M  does  not  change)  are 
shown  in  Figure  la.  They  are  excited  by  the 
component  of  the  microwaye  magnetic  field  that 
is  parall**!  to  the  C-field.  The  central  one,  M=0  to 
M=0,  is  the  desired  clock  transition.  The  other 
two  are  the  main  transitions  adjacent  to  the  clock 
transition  in  the  microwaye  spectrum.  They  are 
essentially  independent  of  the  clock  transition 
since  they  inyoWe  neither  of  the  M=0  clock  states. 
Any  unbalance  in  the  skirts  of  the  these  pi 
transitions  at  the  center  of  the  clock  transition 
leads  to  a  background  slope  that  is  responsible  for 
the  Rabi  pulling. 

The  four  important  microwaye  sigma 
transitions  in  which  M  changes  by  ±1  are  shown  in 
Figure  lb.  They  are  excited  only  if  there  is  a 
component  of  the  microwaye  magnetic  field 
perpendicular  to  the  C-field.  In  beam  tubes 
designed  for  frequency  standards,  this  component 
is  normally  kept  as  small  as  possible  and  the 
transition  intensity  is  usually  small  compared  to 
the  pi  transitions.  The  frequency  spacing  of  these 
transitions  from  the  central  clock  transition  is  half 
that  of  the  pi  transitions.  It  is  eyident  from  Figure 
lb  that  the  sigma  transitions  always  inyolye  one  of 
the  clock  states.  The  sigma  transitions  are 
responsible  for  the  Ramsey  pulling. 

Calculation  Technique 

Since  the  three  pi  transitions  inyolve  separate 
pairs  of  states,  they  may  be  treated  independently. 
The  technique  for  the  complete  approximate 
solution  to  the  problem  is  then  fairly 
straightforward  but  tedious.  The  six  leyel  system 
is  solyed  exactly  for  the  three  pi  transitions  and 
the  sigma  transitions  are  then  considered  as  small 
perturbations.  Second  order  time  dependent 
perturbation  theory  is  then  used  to  solve  for  their 
effects  using  the  exact  solutions  for  the  pi 
transitions  as  basis  states.  The  calculations  must  be 
done  in  each  of  the  interaction  regions  of  the  beam 
tube  where  the  microwave  fields  are  present  as 
well  as  in  the  drift  space  between  them.  In 
addition,  the  velocity  distributions  in  the  beam 
and  the  deflection  characteristics  of  the  magnets 
for  the  various  states  and  atomic  velocities  need  to 


be  taken  into  account  in  the  case  of  magnetic 
deflection  beam  tubes.  The  final  result  is  an 
analytic  expression  for  the  current  at  the  detector. 
This  is  a  function  of  the  microwave  frequency  and 
amplitude  as  well  as  all  the  tube  parameters 
including  the  C-field  which  determines  the 
Zeeman  frequency. 

Once  the  current  has  been  calculated,  its 
dependence  on  frequency  departure  from  the 
center  of  the  unperturbed  clock  transition  is 
examined  for  various  values  of  the  parameters 
such  as  Zeeman  frequency.  The  point  of  zero 
slope  is  considered  to  be  the  perturbed  or  pulled 
clock  frequency.  This  is  where  a  servo  with  small, 
slow  modulation  would  lock.  While  this  is  not 
fully  equivalent  to  the  usual  modulation 
techniques,  it  can’t  be  far  in  error.  Analytic 
expressions  have  been  obtained  for  the  pulling. 
Only  the  contributions  to  the  current  with  odd 
symmetry  in  frequency  departure  from  the  line 
center  contribute  to  frequency  pulling;  the  even 
symmetric  part  only  changes  the  line  shape  slightly 
and  does  not  affect  its  symmetry  or  cause  pulling. 

The  analytic  expressions  obtained  by  the  second 
order  perturbation  treatment  were  checked  by 
exact  numerical  solution  of  the  six  level  problem 
for  some  specific  cases.  The  agreement  is 
excellent  leading  to  confidence  in  the  analytic 
expressions. 

Results 

The  first  calculations  were  done  for  a  single 
sigma  transition  to  show  the  nature  and  size  of  the 
effect.  Figure  2  shows  the  central  part  of  the  pure 
Ramsey  clock  transition,  F=3,  M=0  -  F=4,  M=0. 
The  tube  parameters  used  are:  L  (drift  length)  = 
16.7  cm,  1  (interaction  length)  =  1.0  cm,  Zeeman 
frequency  =  49  KHz,  triangular  velocity 

distribution  with  Vmin  =  lxlOE4  cm/sec,  Vmax  = 
2xlOE4  cm/sec,  and  Vpeak  =  1.3xl0E4  cm/sec. 
The  peak  of  the  transition  probability  is  just 
slightly  less  than  one. 

Figure  3  shows  the  even  part  of  the 
contribution  to  the  clock  transition  from  the  F=3, 
M=1  -  F=4,  M=0  sigma  transition.  The  angle 
between  the  C-field  and  the  microwave  field  was 
chosen  to  be  5  degrees  and  all  other  parameters  are 
the  same  as  for  Figure  2.  Note  that  the  even  part 
only  changes  the  line  width  slightly  and  does  not 
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affect  the  location  of  the  line  center.  It  looks  very 
similar  to  a  Ramsey  pattern  with  180  degrees  phase 
difference  between  the  two  excitation  regions. 
The  effect  is  small  since  the  contributions  to  the 
transition  probability  are  only  a  few  parts  in  10E5. 
The  solid  curve  is  the  perturbation  calculation  and 
the  dashed  curve  is  the  exact  numeric  calculation 
of  the  six  level  system. 

Figure  4  shows  the  odd  part  of  the  contribution 
to  the  clock  transition  from  the  same  F=3,  M=I  - 
F=4,  M=0  sigma  transition.  All  conditions  are  the 
same  as  for  Figure  3.  This  contribution  looks 
similar  to  a  Ramsey  pattern  with  90  degrees  phase 
difference  between  the  two  excitation  regions.  It 
causes  a  shift  in  the  point  of  zero  slope  of  the 
clock  transition  of  about  lxlOE-13  and  is  the 
origin  of  the  Ramsey  pulling.  The  magnitude  and 
sign  of  the  shift  vary  strongly  with  zeeman 
frequency  and  velocity  distribution.  The  dashed 
curve  again  is  the  result  of  the  exact  numerical 
calculation. 

Not  shown  is  a  similar  calculation  for  the 
contribution  due  to  a  pi  transition  such  as  F=3, 
M=1  -  F=4,  M=l.  At  the  clock  transition  the 
contribution  would  be  just  the  skirt  of  the  pi 
transition  since  it  is  independent.  The  even  part  at 
the  clock  transition  corresponding  to  Figure  3 
would  be  approximately  a  constant  value  with 
essentially  no  structure.  The  odd  part 
corresponding  to  Figure  4  would  have 
approximately  a  constant  slope  with  essentially  no 
structure.  This  is  the  origin  of  the  Rabi  pulling. 
The  slope  can  be  measured  or  compensated  for  by 
any  of  several  techniques;  for  example,  sinusoidal 
modulation  with  third  harmonic  detection 
essentially  ignores  the  background  slope  and 
greatly  reduces  the  Rabi  pulling. 

Note  that  if  the  transition  intensity  for  the 
M=+l  -  M=+l  transition  is  equal  to  that  for  the 
M=-l  -  M=-l  transition,  the  Rabi  pulling 
essentially  vanishes  since  the  slopes  of  the  skirts 
cancel  at  the  clock  transition  except  for  a  small 
difference  in  the  Zeeman  frequencies  due  to  the 
second  order  C-field  correction.  The  situation  is 
more  complicated  for  Ramsey  pulling  where  the 
pulling  will  essentially  vanish  if  the  initial  state 
populations  at  the  entrance  to  the  microwave 
region  and  the  final  state  populations  at  the 
detector  are  symmetric.  These  conditions  can  be 
met  well  with  certain  types  of  optical  pumping  so 


that  very  small  Rabi  and  Ramsey  pulling  can  be 
expected  in  properly  designed  optically  pumped 
standards. 

Calculations  of  the  Rabi  pulling  for  a  model  of 
an  actual  double  beam  tube  are  shown  in  Figure  5. 
The  microwave  structure  is  the  same  as  for  Figures 
2,  3,  and  4.  The  velocity  distributions  for  all  the 
states  were  calculated  by  a  very  accurate  ray 
tracing  program.  The  maximum  pulling  is  about 
1.6E-12. 

Figure  6  shows  the  calculated  Ramsey  pulling 
for  the  same  tube.  The  maximum  value  is  about  3 
times  larger  than  the  maximum  Rabi  pulling.  Note 
that  the  period  of  the  pulling  is  about  twice  that  of 
the  Rabi  pulling  as  might  be  expected  since  the 
sigma  transitions  are  only  half  as  far  away  in 
frequency  as  the  pi  transitions. 

The  calculated  total  combined  pulling  is  shown 
in  Figure  7.  The  maximum  value  is  about  7xl0E- 
12  and  is  primarily  Ramsey  pulling.  Both  Rabi 
and  Ramsey  pulling  depend  on  the  microwave 
power.  The  calculations  were  done  with  the 
theoretical  power  set  to  maximize  the  dc  beam 
current  at  the  center  of  the  clock  transition,  the 
same  way  that  is  usually  used  in  actual  standards. 

Figure  8  shows  the  measured  pulling 
(experimental  points  and  dashed  line)  of  a  double 
beam  tube  of  the  type  modeled  in  Figures  5, 6,  and 
7  along  with  the  calculated  total  pulling  (solid 
line)  of  Figure  7.  The  calculations  and 
measurements  agree  fairly  well  at  low  Zeeman 
frequencies.  The  more  rapid  damping  of  the 
calculated  pulling  at  higher  Zeeman  frequencies  is 
probably  due  to  the  velocity  distributions  in  the 
actual  tube  being  narrower  than  those  calculated. 
The  calculations  assumed  ideal  magnetic  deflection 
fields  which  are  not  achieved  in  the  tubes  and  this 
could  account  for  the  discrepancy. 

It  is  clear  that  Ramsey  pulling  can  degrade  the 
accuracy  and  long  term  stability  of  standards  and, 
unlike  Rabi  pulling,  cannot  be  reduced  by  slope 
detection  techniques.  Therefore  it  is  important  to 
make  the  C-field  and  microwave  magnetic  field  as 
parallel  as  possible  and  to  reduce  state  population 
asymmetries.  Figure  9  shows  the  magnetic  field 
distribution  in  one  end  of  a  conventional 
implementation  of  a  Ramsey  cavity.  The  C-field 
is  in  the  z  direction  and  the  beam  goes  through  the 
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cavity  in  the  y  direction  at  the  cavity  end.  It  is 
evident  that  the  microwave  magnetic  field  is 
parallel  to  the  C-field  only  on  the  cavity  symmetry 
plane.  The  tubes  studied  here  have  double  beams 
which  are  placed  symmetrically  on  each  side  of  the 
cavity  symmetry  plane  where  they  see  a  definite 
component  of  microwave  field  orthogonal  to  the 
C-field.  Even  tubes  with  a  single  beam  cannot 
have  perfectly  parallel  fields  because  of  the  non¬ 
zero  size  of  the  beam  but  they  can  be  much  better 
than  the  double  beam  tubes  considered  here.  To 
get  the  best  results,  tubes  with  a  single  beam 
should  have  the  cavity  structure  aligned  so  that  the 
centroid  of  the  beam  passes  through  the  symmetry 
planes. 

Figures  10  and  11  respectively  show  the  full 
microwave  spectrum  of  a  double  beam  tube  of  the 
type  discussed  here  showing  significant  sigma 
transitions,  and  a  new  single  beam  tube  having 
greatly  reduced  sigma  transitions.  The  new  tube 
also  exhibits  better  symmetry  of  the  pi  transitions 
adjacent  to  the  clock  transition.  As  a  consequence 
of  these  improvements,  this  new  tube  should  show 
considerable  improvement  with  regards  to  both 
Rabi  and  Ramsey  pulling. 

Summary 

Results  of  a  theoretical  investigation  of  the 
frequency  pulling  by  sigma  transitions  and  some 
comparisons  with  an  actual  cesium  dual-beam  tube 
have  been  presented.  It  was  shown  that  the  sigma 
transitions  adjacent  to  the  clock  transition  always 
involve  one  of  the  clock  levels  so  their  frequency 
pulling  (Ramsey  pulling)  differs  fundamentally 
from  the  pulling  by  pi  transitions  (Rabi  pulling). 
Rabi  pulling  is  caused  by  the  residual  slope  due  to 
unbalanced  pi  transitions  and  can  be  significantly 
reduced  by  background  slope  detection  techniques. 
Ramsey  pulling  results  from  a  f undamental  shift  in 
the  frequency  of  the  clock  transition  rather  than  a 
background  slope.  It  can  only  be  decreased  by:  1) 
reducing  the  sigma  transitions  which  are  excited 
when  the  microwave  magnetic  field  and  the  C- 
field  are  not  parallel  or  2)  making  all  the  state 
populations  prior  to  microwave  interaction  and 
detection  symmetric  about  M=0.  A  new  single¬ 
beam  tube  has  been  designed  that  has  greatly 
reduced  sigma  transitions  compared  with  the  dual 
beam  tubes.  Properly  applied  optical  pumping 
could  give  excellent  results. 
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Figure  1.  (a)  Allowed  Delta  M=0  (pi)  transitions  for  the  subset 

of  six  hyperfine  levels  in  cesium  133.  (b)  Allowed  Delta  M=±l 
(sigma)  transitions  for  the  same  level  subset. 


Frequency  (KHz) 


Figure  2.  Calculated  transition  probability  for  the  (3,0)  - 
(4,0)  clock  transition  as  a  function  of  microwave  frequency 
difference  from  the  center  of  the  line.  Assumed  tube  parameters 
are  given  in  the  text. 
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Figure  3.  Even  part  of  the  calculated  contribution  to  the  clock 
transition  probability  from  the  (3,1)  -  (4,0)  sigma  transition. 
The  solid  curve  is  the  approximate  analytic  result  and  the  dashed 
curve  is  the  result  of  an  exact  numerical  calculation.  The 
assumed  tube  parameters  are  given  in  the  text 


Figure  4.  odd  part  of  the  calculated  contribution  to  the  clock 
transition  probability  from  the  (3,1)  -  (4,0)  sigma  transition. 
This  produces  the  Ramsey  pulling.  All  parameters  are  the  same  as 
tor  Figure  3.  Again,  the  dashed  curve  is  the  exact  calculation. 
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Figure  5.  Calculated  frequency  offset  as  a  function  of  Zeeman 
frequency  due  to  Rabi  pulling  only  for  a  model  of  an  actual 
double  beam  tube.  The  parameters  are  given  in  the  text.  The 
approximate  analytic  results  were  used. 


igure  6.  Calculated  frequency  offset  for  Ramsey  pulling  only 
or  the  same  model  as  in  Figure  5.  Maximum  pulling  is  about 
three  times  as  large  as  the  Rabi  pulling. 


550 


Figure  7.  Total  calculated  frequency  offset  from  both  Rabi  and 
Ramsey  pulling  from  Figures  5  and  6. 


Figure  8.  Measured  total  frequency  offset  in  a  double  beam  tube 
(Points  and  dashed  line)  and  the  calculated  total  offset  (solid 
line)  from  Figure  7.  The  agreement  between  theory  and  experiment 
is  quite  good  at  low  Zeeman  frequencies.  The  more  rapid  damping 
of  the  oscillations  in  the  calculated  results  at  higher  Zeeman 
frequencies  is  most  likely  due  to  difference  in  the  calculated 
and  actual  velocity  distributions  because  of  non-ideal  deflection 
fields  in  the  actual  tube. 
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Figure  9.  Microwave  magnetic  field  lines  in  a  conventional 
Ramsey  cavity  end  section.  The  C-field  is  in  the  z  direction  and 
the  cesium  beam  propagates  in  the  y  direction.  Clearly,  the 
microwave  field  is  parallel  to  the  C-field  only  at  the  symmetry 
plane. 


Figure  10.  Full  microwave  spectrum  of  a  double  beam  tube.  Sigma 
transitions  are  clearly  present  between  the  pi  transitions. 


Figure  11.  Full  microwave  spectrum  of  a  new  experimental  beam 
tube.  Sigma  transitions  are  not  visible  on  this  scale.  This 
tube  should  exhibit  much  smaller  Ramsey  and  Rabi  pulling. 
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Abstract 

Previous  papers  have  discussed 
problems  observed  with  high-performance 
cesium  beam  tubes  which  result  from 
undesirable  transitions  of  the  cesium  atom. 
The  theory  of  why  the  problem  occurs  and 
possible  corrective  actions  have  been 
discussed  in  a  companion  paper.  In 
particular,  Am  =  ±1  (0)  transitions  have 
been  shown  to  be  responsible  for  the  effect, 
now  known  as  Ramsey  Pulling. 

This  paper  discusses  the  design  and 
performance  of  cesium  beam  tubes  which 
incorporate  those  corrections  and  which 
preserves  the  benefits  of  the  high- 
performance  beam  tube,  but  with  negligible 
Ramsey  pulling.  The  design  results  in  a  tube 
which  is  sm^er,  lighter,  and  potentially 
longer-lived  than  its  predecessor. 


Introduction 

In  previous  work  [1-41,  A. 
DeMarchi,  et.al.,  showed  that  long-term 
instability  in  low-p^ormance  cesium 
standards  was  related  in  many  cases  to  a 
frequency  shift  associated  with  a  change  in  rf 
power  input  to  the  beam  tube.  Further 
theoretical  work  by  Cutler,  et.al.,  [5-6] 
demonstrated  that  this  is  due  in  part  to  Am  = 
±  1  (a)  transitions  in  the  beam  tube  response. 

Following  the  theoretical  model. 
Cutler  and  Flory  developed  new  atomic  beam 
optics  and  magnetic  state  selector  apparatus 
which  theory  had  shown  to  reduce  Ramsey 
pulling  to  a  negligible  level. 


The  design  was  coupled  with  an 
improved  mechanical  design  which 
incorporates  improvements  in  virtually  all 
other  areas  of  the  beam  tube.  These  are  the 
result  of  nearly  30  years  experience  in 
building  cesium  beam  tubes,  and  our 
continuing  emphasis  on  Total  Process 
Control  [7-8]. 


An  Improved  High-Performance  Tube 

The  results  of  the  work  described 
above  is  a  new  hi^-performance  cesium 
beam  tube  designed  to  replace  the  existing 
Hewlett-Packard  High-Performance  tube.  A 
photograph  of  the  new  and  old  tube  is  shown 
in  Figure  1.  Figure  2  shows  the  new  tube 
installcxl  in  the  HP5061B.  Noticeable  in  the 
photographs  are  the  adapters  attached  to  the 
new  tube.  This  became  necessary  when  the 
decision  was  made  to  go  to  a  smaller 
diameter  tube.  The  adapters  allow  the  tube 
to  be  mounted  in  any  HP5060A  or 
HP5061A/B. 

Similarities 

The  new  tube  has  the  same 
performance  specifications  and  the  same  part 
number  as  its  i^edecessor.  It  meets  all  of  the 
same  sp^ifications  including  figure  of  merit, 
acceleration  compensation,  b^m  current, 
electron  multiplier  gain,  and  magnetic  field 
sensitivity,  vhien  installed  in  the  5061A/B, 
the  set-up,  alignment,  and  front  panel 
readings  are  identical  to  that  experienced 
with  the  older  tube.  Mechanically,  with  the 
spaco*  adapters,  the  new  tube  fits  in  the  same 
tube  cradle  as  the  previous  tube.  When 
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installed  in  the  5061,  the  spacer  adapters 
permit  the  harmonic  generator  assembly  to  be 
located  in  the  same  region  as  before. 


Differences 

The  new  high-performance  tube  has 
negligible  Ramsey  pulling.  As  described 
above,  it  is  smaller  than  ^e  old  tube.  The 
new  tube  has  the  same  length  but  is  about  1 .5 
cm.  smaller  in  diameter.  The  reduction  in 
diameter  results  in  a  weight  reduction  of 
about  1.8  kg.  without  compromising 
performance.  The  smaller  diameter  also 
reduces  the  amount  of  torque  that  can  be 
applied  to  the  tube,  thus  ensuring  that  its 
alignment  can  be  better  maintained 
throughout  the  life  of  the  tube. 

As  described  in  [6],  the  tube  has  a 
single  atomic  beam,  in  contrast  to  its 
predecessor's  dual  atomic  beam.  The  cesium 
oven  holds  20%  more  cesium.  Additional 
gettering  material  is  used  throughout  the 
tube.  Improved  electron  multipliers  and  ion 
pumps  are  incorporated  into  the  design. 

To  maintain  the  same  overall  beam 
flux,  the  oven  is  operated  at  a  higher 
temperature,  but  with  reduced  power 
consumption.  In  addition,  optimized  beam 
optics  and  magnetic  state  selectors  enable 
more  efficient  utilization  of  the  cesium 
supply  .  The  result  of  the  changes  is  that  the 
total  life  expectancy  of  the  tul^  is  expected 
to  increase  approximately  25%. 


Performance 

Figure  3  is  the  Ramsey  response 
curve  for  the  older  high-performance  beam 
tube.  Particularly  noticeable  are  the 
responses  seen  between  the  Rabi  pedestals. 
The  responses  at  half  the  Zeeman  frequency 
are  those  identified  as  the  unwanted 
transitions  which  are  the  primary  cause  of 
Ramsey  pulling. 

Figure  4  is  the  Ramsey  response 
curve  for  the  new  high-performance  tube. 
Of  interest  is  the  smooth  continuous  response 
in  the  regions  betw'^n  the  Rabi  pedestals. 


Figure  5  shows  the  (0,0)  and  (1,1) 
transitions  for  a  40  kHz  Zeeman  frequency, 
also  demonstrating  the  visible  absence  of  Am 
==  +1  responses. 

Doubling  the  Zeeman  frequency  to  80 
KHz.  and  increasing  the  vertic^  gain  by  a 
factor  of  20,  one  obtains  the  response  shown 
in  Figure  6.  From  this,  a  very  small  amount 
of  structure  seems  to  be  present  in  the  40 
KHz  region. 

Increasing  the  Zeeman  frequency  to 
200  KHz  produces  the  response  curve  shown 
in  Figure  7.  Here  a  small  response  structure 
is  finally  evident.  In  comparison,  an  older 
high-performance  tube  was  measured  under 
the  same  conditions.  Its  response  is  shown  in 
Figure  8.  Evident  is  a  definite  Ramsey 
response,  indicative  of  the  non-parallelism  of 
the  microwave  and  static  magnetic  fields  in 
the  interaction  region. 


Comparison  with  Older  Tubes 

Figure  9  is  a  bar  graph  showing  the 
measured  line  width  of  approximately  600 
high  performance  beam  tubes.  The  gaussian 
distribution  is  quite  evident,  as  is  the  rather 
small  standard  deviation.  The  new  tube 
exhibits  an  average  line  width  of  about  375 
Hz.  This  is  a  result  of  choosing  a  different 
cut  of  the  cesium  velocity  distribution  to  get 
the  maximum  reduction  in  unwanted 
transitions. 

A  con^uence  of  this  is  that  the  true 
figure  of  merit  averages  around  17.  Figure 
10  shows  the  measured  figure  of  merit  for 
the  same  tubes  from  Fig.  9.  The  key 
question  is  the  possible  effect  on  normal 
operation  with  &  lower  figure  of  merit. 
Fi^re  11  is  a  collection  of  data  taken  on 
various  506 IB  instruments  [9].  Evident  in 
this  data  is  that  there  is  no  correlation 
between  the  figure  of  merit  and  the  measured 
Allan  variance  for  measurement  periods  of  1 
day  and  2  days.  Indeed,  the  data  implies  that 
the  electronics  probably  dominates  the  time- 
domain  stability  of  the  cesium  standard.  The 
two  major  outliers  at  a  1  day  sampling  time 
are  from  units  known  to  be  environmentally 
sensitive. 
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Time  Dependency  Effects 

As  a  part  of  the  extensive  testing 
performed  to  qualify  the  new  tube  for  use,  a 
series  of  special  tests  were  performed  looking 
for  any  form  of  latency  effect  or  time- 
dependent  effect  which  might  affect  its 
performance  in  a  standard. 

One  such  experiment  used  the 
equipment  hookup  shown  in  Figure  12. 
Here,  the  tube  was  exercised  through  the 
following  sequence: 

1.  Set  the  tube  for  normal  operation  at  the 
resonance  peak,  with  a  40  kHz  Zeeman 
frequency. 

2.  Step  the  microwave  frequency  20  kHz. 

3.  Dwell  at  the  new  frequency  for  a 
determined  pericsd  of  time  continuously 
recording  the  beam  current. 

4.  Switch  to  the  frequency  used  in  step  1 . 

5.  Continuously  record  b^m  current. 

6.  Compute  the  average  beam  current  before 
and  after  switching.  Compute  the  change 
in  beam  current  from  the  average  and 
plot. 

Data  was  also  taken  in  the  reverse  direction, 
starting  at  the  valley  20  kHz  away  from 
resonance,  then  switching  to  the  peak. 

Figures  13  and  14  show  some  of  the 
experimental  data  obtained.  In  both  cases, 
the  same  general  form  of  a  time-dependent 
effect  is  seen.  The  peak-to- valley  transition 
was  done  with  beam  currents  of  500  nA. 
The  other  used  beam  currents  of  280  nA. 

Plotting  the  transient  response,  i.e., 
the  total  change  in  current  from  the  initial 
value  to  the  steady  state  value,  as  a  function 
of  residency  time  yields  the  plots  shown  in 
Figures  15  and  16. 

Although  the  data  was  taken  at 
different  peak  beam  currents,  the  overall 
effect  is  quite  similar. 

A  major  change  occurs  when  the  peak 
beam  current  is  decreased  to  134  nA  as 
shown  at  one  point  in  Fig.  16.  As  this  is 
repeatable,  the  non-linear  character  of  the 
effect  is  quite  noticeable. 


All  changes  in  peak  beam  current 
were  done  by  changing  the  electron 
multiplier  voltage.  Changes  in  Zeeman 
spacing,  or  in  ionizer  current  had  no 
significant  effect  on  the  response. 


Conclusion 

The  latency  effect  was  observed  on  all 
cesium  tubes  examined,  including  the 
standard  tube,  the  old  high-performance 
tube,  and  the  mini-tube  used  in  the  HP 
5062C. 

As  the  effect  is  primarily  dependent 
on  the  electron  multiplier  gain,  it  appears  to 
be  a  charging  phenomenon  either  internal  to 
the  electron  multiplier,  or  at  the  entrance 
orifice  to  the  electron  multiplier. 

Given  the  transient  behavior  of  the 
effect,  and  the  normal  operation  of  a  cesium 
beam  tube,  the  latency  effect  cannot  affect 
the  performance  of  a  properly  run  cesium 
standard.  However,  this  effect  may  be  a 
serious  limiting  factor  in  cesium  beam 
switching  experiments. 
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Figure  3  Old  High-Performance  cesium  beam  tube 
-  Ramsey  spectrum. 


Figure  4  New  High-Performance  cesium  beam  tube 
-  Ramsey  spectrum. 
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New  tube  showing  the  Ramsey  response  Figure  6  New  tube,  same  as  Fig.  5  but  with  80  kHz 
for  the  (0,0)  and  (1,1)  peak^  40  kHz  Zeeman,  20  x  increase  in  venical  scale. 

Zeeman  frequency. 


h  rtjqutjric  ,  :  kHz  "^05  5  t  renucru  ,  : 


New  tube,  same  as  Fig.  5  but  with  200  kHz  Figure  8  Old  tube,  same  setup  as  in  Fig.  7,  200  kHz 
Zeeman  separation.  Zeeman,  showing  Ramsey  structure 

indicative  of  non-parallelism  in  the 
interaction  region. 
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Abstract 

The  results  are  presented  concerning 
with  the  LSPvRI’s  experimental  and  theo¬ 
retical  investigations  to  be  aimed  for 
improvement  of  accuracy  characteristics 
of  passive  atomic  frequency  standards. 
It  is  given  a  brief  review  of  the  para¬ 
metric  frequency  shifts  of  the  clock 
atomic  transition  in  a  caesium  atomic 
beam  tube  and  those  of  rubidium  gas  cell 
atomic  discriminator. The  transformation 
of  fluctuations  in  an  atomic  beam  tube 
and  in  passive  atomic  frequency  stand¬ 
ard  is  considered.  The  limit  accuracy 
■oharacteristics  of  passive  frequency 
standards  are  given  that  are  derived 
■on  the  basis  of  a  multiparametric  opti¬ 
misation  of  atomic  beam  tube  and  atomic 
gas  cell  discriminator  as  well  as  a 
complex  optimisation  of  whole  standard. 


'!  .Introduction 

Frequency  stability  of  the  passive  atomic 
frequency  standard  (  APS  )  is  governed  by 
fluctuation  behavioiur  of  separate  blocks 
of  the  AFS.  The  influence  of  fluctuations 
on  frequency  stability  is  realised  either 
by  the  direct  conversion  of  the  signal, 
which  controls  the  quarts  oscillator  (QO) 
frequency,  into  the  fluctuations  or  by 
the  conversion  of  the  atomic  transition 
freqoiency  due  to  parametric  shifting  of 
frequency. The  parametric  frequency  shifts 
■of  the  clock  atomic  transition  in  a  Cs 
atomic  beam  tube  (ABT)  [1,2]  and  those  of 
rubidium  gas  cell  atomic  discriminator 
(AD)  had  been  studied  in  some  details.  So 
we  shall  give  only  a  brief  review  on  the 
problem  of  shifts.  Our  primary  attention 
will  be  focussed  on  the  conversion  of 
fluctuations  in  the  passive  AFS. 

2.  Review  of  parametric  frequency  shifts 
of  the  clock  atomic  transition  in  the 
passive  atomic  frequency  standards 

Frequency  shifts  of  the  atomic  transition 
in  the  caesi’om  ABT  can  be  -ievided  into 


three  groups  taking  into  account  the 
behavi-our  of  the  shifts  wonder  external 
perturbations  :  the  shifts  conditioned  by 
(1  )  direct  magnetic  field  in  Ramsey  reson¬ 
ator,  (2  (the  temperat'ore  of  the  atomic  beam 
so'jrce  (  or  the  ambient  temperature  ),  ‘3) 
microwave  excitation  power.  Temperature 
variations  of  the  at'Zmic  beam  source  may 
be  responsible  for  frequency  shifts  due  to 
thermal  detuning  of  the  microwave  cavity 
or  to  the  effect  of  spray  current  flowing 
through  the  resonator  under  the  action  of 
thermo-emf  which  arises  at  intemetal  junc¬ 
tion  in  ABT  of  the  applied  construction. 
The  slope  of  the  dependence  of  the  transi¬ 
tion  frequency  on  the  temperature  of  the 

3 

team  source  is  equal  2  <>10  1/K  in  produc¬ 

tion  ABT  of  commercial  AFS.  This  value  had 

-1  4 

been  reduced  to  2»10  1/K  as  a  result  of 

improvement  of  ABT  by  introducing  of  the 
dielectric  isolation  interrupting  the 
thermo-currents. 

Some  kinds  of  frequency  shifts  belong  to 
the  category  of  the  microwave  power  depen¬ 
dent  shifts.  These  are  the  following  :  the 
shifts  arising  from  frequency  pulling  of 
the  clock  atomic  transition  by  ajacent  Zee- 
man  transitions  and  by  the  microwave  reso¬ 
nator,  the  shift  arising  from  phase  detu¬ 
ning  of  the  interaction  regions  of  Ramsey 
resonator, and  the  shift  resulting  from  the 
second  order  Doppler  effect.  The  shift 
arising  from  frequency  pulling  by  ajacent 
Zeeman  transitions  is  of  the  most  consider¬ 
able  value  [1-2].  This  shift  is  an  oscill¬ 
ating  function  (with  some  sere  points)  of 
the  direct  magnetic  field  strength  and 
there  are  several  magnitudes  of  the  magne¬ 
tic  field  strength  at  which  the  frequency 
shift  due  to  microwave  field  power  varia¬ 
tions  is  equal  to  sero.  For  the  improved 
ABT  the  experimentally  measured  slope  of 
the  atomic  transition  frequency  on  the  re¬ 
lative  change  of  microwave  power  was  fo'ond 

to  be  RolO  at  the  direct  magnetic  field 
strength  corresponding  to  the  smoothest 
microwave  power  dependence  of  frequency. 

There  are  several  kinds  of  parametric  fre- 
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■^uen'.'y  shifts  ;f  the  atcmic  transiticr.  i.n 
the  Ar  the  r-;tidi:srR  s^as  eellithe  shifts 
ass-teiated  with  il  idirect  ma^ietio-  field, 
'2)  the  temperature  :f  the  afcscrtir^  eell, 
;3j  miort’wave  power  and  (4;  light.  Light 
shifts  are  divided  into  two  groups: direct 
shift  which  is  proportio-nal  to  the  p'amp 
intensity,  anol  indirect  sh:  t’ts  which  are 
proportional  to  the  derivatives  of  the 
light  shift  with  respect  to  such  para¬ 
meters  as  the  temperatures  of  the  spectral 
lamp,  of  the  isotopioal  filter, of  the  at- 
sortint  cell  etc  ’3].  Minimisation  of  the 
slope  of  the  dependence  of  the  ato-mic 
transit!. :n  frepuency  on  the  temperature 
■of  the  afcsorting  cell  is  achieved  by  op¬ 
timal  selection  .of  a  buffer  gas  mixture 
l4!.  The  microwave  power  dependence  of 
the  transition  frequency  is  caused  by  the 
presence  of  the  light  shift  and  of  the 
absorbing  cell  temperature  shift.  When 
these  hinds  of  shifts  are  suppressed  down 
to  aero  the  dependence  becomes  negligible. 

3.2onversion  of  fluctuations  in  the 
passive  APS 

Sxperim.ental  investigati-ons  of  fluctua¬ 
tions  in  separate  assemblies  of  the  APS 
have  shown  that  the  fluctuations  involve 
flicker  components.  So  the  power  spectral 
■densities  iPEZ'’  of  the  fluctuations  .of  QO 
frequency,  ct  phase  and  power  -of  the  fre- 
■quency  multiplier,  of  the  direct  magnetic 
field  strength  and  the  temperature  .ff  the 
atom.ic  beam'sc’urce  in  a  commercial  atcm.ic- 
beam  APS  are,  respectively  : 


<■ 

r  'J  •  iL 

I.  (il)=  23.1  +  - 


14.4  114 

7.3  +  -  +  — ^  »1 

I*  I  o  1 


Wp(n)=[i  .06/fi'  j ^10 


Wjj (fi !  =  . 067  +  2 . 36/n'  ■  j  =  1 0 

Wp,(fi)  =  [2.34/Q'  oio“2 


»10“^  [rad^/Hzj 
[w^/Hz] 
j  =  io''‘^[oe^/Kzj 
[k^/Hz] 


atomic  dis-crim.inat.or.  .^et  us  consider  tne 

c.;nversicn  of  fluctuaiions  in  ABT.  We 

assume  the  atomuc  team  intensity  n;t),the 

amplitude  A.,  t;  of  the  m.agnetic  comiponent 

o-f  microwave  field  and  the  microwave  phase 

■6 ;  t  j  to  be  random,  quantities.  PSD  of  the 

AET  current  fluctuations  in  the  presence 

of  phase-m.-; dulated  microwave  field  3e!tl  = 

ip  c-;s  C  t  takes  -he  f.ollowins  form  with 
m. 

regard  t-o  stTichrcnous  lete-ctirn  1“^]  : 


W,.  Uj !  =fc  :  i  •  +!j .  SKy  [  W^  :  ;  ■'■Wj,  '  il-i !  i  - 

(id.-W.  ..ii/W  uO  ■'  + 

n  n  A  \  4  f 

+  KlfiDWu'n+id  ;  +  Kr{r.)W,  ^ 

\  A  m  A  A  m 

+  Kun)W  (Q+r.  i  +  K”(n-r:  ) 

^  C  m  ?  m 

where 

uo 

rr  T  -Sol 


r  r  -1  ■  ,  ij 

i.=I,  +  IJ  1+J.(z)  cos--—  X!'v 

^  Oj  L  o  J  V 


1,=:.  fWp(v)wtv)dv  ;  n,-  ; 


=  2  A<i>s  in  ( '  2  V ) ; 


!  V  dv  , 


%  =  f 


w  f  V ! dv 


K^=e"K|[  f  U(v)cos(  ^  A  $  ]dv]2  ; 


k^(q)=i::  Q{v) 


[1+oos— Jcos[  —  AdJdvJ  A 


<x> 

T 

r  f  nL  , 

,-*-1  *1 
m  , 

2' 

+ 

1  jQ(v)sin  —  cce[ 

r  r  -iT 

■'If  r  QIk  r  ^  c  ^ 

R(v)  |i -cos-;^Jcos[^  A<jjdv  a 


The  PEE'  are  of  the  sam.e  pattern 
for  the  fluctuations  of  the  ABT  .output 
c^urrent  and  for  the  fluctuations  of  ciur- 
rsnt  in  the  photc'detect.or  of  the  sas  cell 
diS'Criminator  : 

WpfQ)  =  'A/Q^)  A  B  (1  '■  7  2). 

In  order  to  find  the  APS  response  to 
fluctuating  perturbations  'one  should 
know  the  conversion  behaviour  of  the 
fluctuations  in  the  main  assembly  of  APS- 
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J  J 


Q„L  (ni2Q  )L  T,, 

pm  m2 

+  R(v)sin  —57;  sin  - - -  dv  + 

J  ^  ^ 


r  '•^rra^ 

r  m 
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n  L  (rs*2P4  )L 
m  m  I  < 


4vi  1= 


'J<v)  =  J,  ^s)X(v)sin(  .5;L/v!  ; 

Q(v!  =  {l/v)J,  (s)Y(v)sin(:v.5'L  V)  ; 
R'v'  =  (3;X(v)ccs(<a,  L/v)  ; 


5  =  -  arc  tan 


I J4  ( s  )  X  ( V )  s  in  ('  n^L/2 V )  dv 
0 


•J^  ( s  '  X I V  /  cos  i  L/2 V )  dv 
.  m 


X(v)  =  sin""  (2  .  A 'l/v)W^(v  )w{v) ; 
Y(v)  =  sin  I.  4-'.A '1/v  )W^  ( V  )w(  V  ) ; 


^^22  ■”’“■^11  ] 


W„fv)  = 


A=L  ^  ',.1,  ?-  *2  t  !  ]  '  <2^!  -  t!^ 


micro  wa’ve 


excitation  parameter;  a  -the  magnetic  di¬ 
pole  operator  for  caesium  atom;  ?■  -  the 

polarisation  veeti:r  of  the  magneti:  'om- 
ponent  of  microwave  field;  1  -  the  length 
o-f  the  interacti'^n  regio.n;L  -the  distance 
between  the  interaction  regions  •:  f  Ramsey 
resonator;'5  -  the  amo^unt  off -resonance  of 
microwave  field  with  respe-ot  to  the  atomio 

transition  frequency;  A„  ,  -  the  co - 

mm  mm 

efficients  describing  the  influence  of 
the  first  and  the  second  magnetic  select¬ 
ors  on  the  population  of  Zeeman  sublevels 
of  Cs  atomic  gro'ind  state;  K^-the  effici¬ 
ency  of  th^^  atomic  team  detector;  e  -  the 
electronic  charge  ;  w(v)  -  the  atcm.iiO 
velocity  distribution  of  the  team; 

fn,' ,W„(Q!-  PSD  of  random  processes  \;t', 

7  ( t )  and  ni.  t )  z  i  and  J,  1  z  1  -  the  f  irst 

kind  Bessel’s  functions  of  the  zero  and 
first  order.  The  suscripts  1  and  2  denote 
caesium  states  13, 0>  and  14,0.,  respect¬ 
ively. 

As  seen  from  expression  (1),  the  major 
contribution  to  the  PSD  of  fluctuations 
of  00  frequency  control  signal  under  ope¬ 
ration  conditions  {  v5;=0)  is  provided  by 
several  effects:  shot  noise  of  the  atomic 
team  ,  converted  phase  fluctuations  of 
microwave  field  ,  which  are  transferred 
from  Po'urier  frequencies  being  equal  to 
zero  or  in  the  vicinity  of  the  second  har¬ 
monics  of  phase  modulated  microwave  field. 
The  last  fluctuations  act  as  an  additional 
fluctuation  source  since  they  are  not 
filtrated  by  a  system  of  automatic- fre¬ 
quency  control.  These  fluctuations  set  a 
limit  on  the  short-term  frequency  stabili¬ 
ty  of  the  APS.  Over  the  lower  frequency- 
range  the  conversion  coefficient  of  micro¬ 
wave  field  frequency  fluctuations  K. (n) 

without  Fourier  frequency  shifting  is 
equal  to  the  slope  squared  of  the  ABT 
amplitude-frequency  characteristic  in  the 
vicinity  of  zero  detuning  of  the  field 
frequency.  The  conversion  of  fluctuations 
is  of  the  analogous  pattern  in  the  gas- 
celi  AD  but  the  conversion  is  described 
by  much  more  complicated  expressions. 

Now  we  consider  the  conversion  of  fluc¬ 
tuations  by  the  APS  frequency  locked  Ic-p. 
The  equivalent  block  circuit  of  the 
passive  APS  is  shown  on  figure  1, indicat¬ 
ing  both  the  transfer  functions  of  sepa¬ 
rate  assemblies  of  the  APS  and  random 
perturbations. As  it  has  been  shown  above, 
the  PSD  of  the  inherent  fluctuations  of 
the  QO,  those  of  non-multiple  freqoiency 
?onverter  and  of  the  AD  are  as  follows  : 

w,fa>  =  +  c,  '2a' 
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=  A.  ^  E.A  +  C.-" 

W„;n)  =  (A,  ■'  .Q'^)  +  (cc) 

The  quantity  includes  the  PSD  of  white 

frequency  noise  of  microwave  field, the  PSD 
havinp;  been  translated  oy  cne  AD  conver¬ 
sion  from  Poi.irier  frequencies  being  near 
the  second  harmonic  of  the  phase-modulated 
field.  As  had  been  shown  in  [6],  in  this 
case  the  relative  two-sample  rms  frequency 
variation  of  the  APS  is 

0  (  t:  )  =  1^  a|;  ( -C  )  +  ^  ^  Y  '  ^ 


^2  BoSi'n.-r) 


A-.sec  (ait/S  ) 


N‘-S^:w‘;  I  (sq.)'- 


-5—  F  (a.i!.,  ,  X  )  + 


■73  K 

~r  ^ 

)j^ 

E{n.x  )=21n2+31n!Q.x'x,/2  )  + 

•J 

0.5 

eT{ 

22., x)  +  Ei(-2a^x;j- 

-  ij'e'^o'^  H 

!i3,x 

)  +  Ei(-n.x)l  . 

-  J  » 

'  1  ,a;a,x  "-2)- 

-4sirih'^(Q.  x/2  ' ; 


}- 


->  =  1  .781072  -  Euler  constant,  Ei(x)  and 
Ei(-x)  -  the  exponential  integrals,  Fla;  - 
^amma-f;unction  ,  n,  =  (NS-K^Kor^K.S,  )/T  - 

the  cut-off  frequency  of  the  AFS  frequency 
lock  loop. 

Fig. 2  and  3  show  the  dependences  of  the 
frequency  stability  7;x;  on  the  time  mea¬ 
surement  interval  x  and  cn  the  cut-off 

frequency  n.  =  Hz  (1),  ^0~‘^  Hz  (2), 

10'"'  Hz  i3),1  Hz  id),  10  Hz  (5),10‘^  Hz  (6) 
for  AFS  with  middle-  and  high-quality  AL. 
In  the  figures  curve  A  represents  the  in¬ 
herent  frequency  stability  of  the  QO  and 
curve  B  characterises  the  contribution  O'f 
AD  at  a,  — »■  00. 

4. Frequency  stability  of  the  passive  AFS 
and  ways  to  improve  it 

In  order  to  determine  the  accessible  limit 
stability  of  che  passive  AFS  it  is  essen¬ 
tial  to  choose  the  AFS  parameters  in  an 
optimal  mariner.  For  this  piurpose  a  special 
program  has  been  worked  out  of  two-crite¬ 
rion  multiparametric  optimisation  of  the 
i^ubidioun  gas  cell  AD  with  respect  to  a  mi¬ 
nimum  light  shift  and  a  mactim.um  figure  ''f 
merit.  Besides,  a  program  of  optimization 
of  the  geometry-optical  Cs  ABT  system,  has 
te--n  developed  with  respect  to  a  m.axi,mtur. 
fig^uce  of  merit  as  well  as  a  program  of 
complex  opt'  .lization  of  the  passive  AFS 
with  respect  to  the  minimal  value  of  in¬ 
tegral  quality  index  Q;  the  quality  index 
Q  is  equal  to  the  area  between  the  stabi¬ 
lity  curve  G(x)  and  the  best  frequency 
stability  curve  over  a  chosen  measurement 
time  interval  [x^,x.-,]  [6].  Fig.  4  shows 

I  {_ 

the  frequency  stability  curve  0(x)  for  an 
atomic-beam  frequency  standard  at  the  op¬ 
timal  cut-off  frequency  r.,  in  the  case  of 

a  compact  ABT  with  the  optim.al  geometry- 
optical  system.  The  experimental' value  of 

a(x)  is  equal  to  (3-5 ) “1 0”  at  x  =  1  s 

_*l  4 

and  (3-5) ^10  at  x  =  i  day. The  analysis 
of  the  partial,  contributions  of  the  fluc¬ 
tuations  from  the  direct  magnetic  field, 
the  atomic  beam  source  tem.perature  and 
microwave  power  into  the  long-term  fre- 
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■;uenoy  statility  Eh:w5  that  f:r  ftirther 
i:nprc vement  ;f  *he  1  :r.e'-terTr.  r'retuer.oy 


■;p  timizatitn. 

;  its  a'tC'-.-ss: 


the  gas  oell  AF£  sltcws 
ILtit  Etatility  is 


^  1»'!0  at  X  =  1  s  and  at 

X  =1  .lay. However, the  experimental  studies 
attest  that  the  initially  estafclished  ‘tpe- 
ratio-n  ocnditions  providing  nero  light 
shift  oease  to  be  optimal  under  long-term 
operation  due  to  ageing  of  the  spectral 
lamp,  isotopical  filter  or  absorbing  cell. 
This  leads  to  systematic  relative  fre- 

puency  adrift  with  value  of  “■ 

over  the  month. Eo  further  investigations 
are  required  to  reduce  this  drift. 

Another  way  of  improving  the  frequency 
stability  ..f  the  passive  AFE  is  to  ^'.pply 
new  physical  concepts  in  designing  of  the 
AD.  For  instance, the  application  of  laser 
P'jTping  and  detection  of  the  atomic  team 
allows  to  increase  essentially  the  .AD  fi- 
2"ure  of  merit  and  to  reduce  systematic 
frequency  shifts  l7].  Some  theoretical 
and  experim.ental  work  has  been  dene  on 
the  optimal  choice  of  laser  pumpir.g  and 
detection  processes  as  well  as  that  of  the 
parameters  of  injection  laser  [7].  Using 
the  results  of  the  work  as  the  base,  the 
specialists  of  Leningrad  Scientific 
Research  Radio  technical  Institute  I'LSRRI) 
together  with  their  collaborators  of 
STA's  "Sal.jut"  and  "Polus"  complete  the 
development  the  pre-production  sets  of 
a  compact  APS  with  atomic  beam,  laser 
pijmping  and  detection.  The  frequency 
stability  of  such  AFS  will  be  C  fx)  = 

R'srsr'^rio^s 

[■t  ]  A.’^e  Marchi,  G.D.Rcvera,  A.Pr'rmoli, 


Metr 

i". 

ogia. 

V.20, 

PF- 

37-47, 

,  1984.  ! 

dJ  J 

A.De 

Marchi , 

IEEE 

Trans. UFFO- 

-34, 

IP. 5 

98 

'  J 

1 987 . 

1 

-?  1 

V  J 

TT  t: 

J-l  m  t  • 

A1 

ex  an  dr 

■ov,  e 

t.  al 

. . ,  Zhuj 

TTxal  1 

Te.h 

ni 

chesko 

y  Pis 

iki  ( 

USSR ' , 

tt  c  .  j  1 

t  « 

trir* 

-124, 

1  939 . 

w  **  J 

Zh 

olnero 

V ,  up 

tica 

i  Spe' 

■*  tl'.’  - 

scepiya  (USER ) ,  v .  43 ,  pp .  357-'?bO ,  1  977 . 

15]  V.S.Zholnerov,  Radiotechnica  i 
Electronica  (USER),  v.3H, 

pp. 1702-1 708,  1990. 

16]  V.S.Zholnerov,  Radioteclmica  i 
Electronica,  to  be  published. 

.7]  A. N. Besedina,  et.al.,  Kvantova.ja 

Electronica  (USER),  v.18.  No. 2,  1991. 


566 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


COMPACT  RECTANGULAR-CYLINDRICAL 
CAVITY  FOR  RUBIDIUM  FREQUENCY  STANDARD 

E.  Eltsufin,  A.  Stern  and  S.  Pel* 

TFL-Time  &  Frequency  Ltd. 

P.O.B.  1792  Holon  58117,  ISRAEL 


Abstract  TFL  designed  a  novel  compact 

rectangular -  cyliridrtcal  dielectric -  filled  6.8GH2 
microwave  cavity  which  incorporates  Step-Recoverv- 
Diode  (SRD)  multiplier  for  use  in  a  rubidium  vapor 
cell  frequency  standard.  The  design  comprises  an 
upper  rectangular  part  with  dielectric  slab  and  a 
semi-cylindrical  lower  part.  The  cavity  operates  in 
a  pseudo  TE  ^  mode  where  the  field  in  the  upper 
part  are  compressed  due  to  the  dielectric  slab  and 
the  field  m  the  lower  part  are  compressed  due  to 
the  cylindrical  shape  thus  compensating  the 
influence  of  the  glass  cells.  This  increases  the 
field  intensity  inside  the  vapor  cell  and  at  the 
same  time  retains  the  field  uniformity.  An  even 
higher  efficient  use  of  the  magnetic  field  is 
achieved  due  to  a  high  filling  factor  of  cavity’s 
free  space  with  the  glass  cells.  The  circuit  input 
impedance  has  been  successfully  designed  to  be  a 
real  50  ohm  to  ease  tuning  and  preclude  reflections 
and  consequent  oscillations  of  the  circuit.  The 
actual  required  input  RF  power  is  about  O.IW, 
which  IS  the  known  threshold  value  for  the  SRD. 

Introduction 

A  nicrowave  nodule  is  an  essential  part  of  any 
rubldlun  frequency  standard  and  its  perfornance  is 
vital  for  the  whole  systen  operation.  A  nicrowave 
nodule  usually  Incorporates  a  nicrowave  cavity  with 
rubidiun  vapor  cells  and  a  Step  Recovery  Diode 
(SRD)  nultiplier.  When  designing  this  nodule  one 
needs  to  solve  several  problens.  Firstly,  a 
relatively  high  (about  23-27  dBn)  RF  power  which  is 
generally  required  for  proper  operation  nay  cause 
internal  EMI  and  overheating.  Another  problen  is 
that  the  SRD  bias  point  is  very  critical  and  even  a 
snail  drift  nay  cause  SRD  oscillation  with  spurious 
frequencies.  This  instability  is  caused  by 
nisnatching  and  consequent  reflections  into  the 
nultiplier  circuit  and  into  the  nicrowave  cavity. 

The  traditional  design  for  the  nicrowave  cavity 
in  a  rubidiun  frequency  standard  has  been  a 
cylindrical  resonator  operating  in  a  TE, , ,  node. 
In  order  to  resonate  at  the  6.8GHz  rubidiun-clock- 
transition-f requency  this  resonator  nust,  however, 
have  a  rather  large  dianeter.  A  rectangular  TE,,, 
cavity,  partially  loaded  with  dielectric,  which 
enables  a  considerable  size  reduction  was 
introduced  by  H.E  Hillians  et  al  [1]. 

•  Advisor  to  TFL. 


We  have  found,  however,  that  the  inclusion  of 
the  rubidiun  glass  cell  into  the  later  cavity 
distorts  considerably  the  field  lines,  degrades  the 
Q  factor  and  shifts  the  resonance  frequency  of  the 
cavity. 

The  paper  describes  and  analyses  a  novel  design 
of  a  rectangular-cylindrical  nicrowave  cavity  that 
takes  into  account  the  presence  of  the  glass  cell. 
The  SRD  nultiplier  circuit  which  forns  an  integral 
part  of  the  design  is  also  discussed. 

Rectangular  TE, , ,  node  cavity 

Consider  first  a  rectangular,  dielectric  loaded, 
cavity  which  is  operating  in  a  pseudo  TE, , ,  node 
(11.  The  cavity  is  shown  in  Fig.l. 


DIELECTRIC 


Fig  1.  Rectangular  dielectric  loaded  cavity 

The  propagation  velocity  of  electronagnetic 
waves  in  a  dielectric  filled  nicrowave  cavity 
depends  on  the  dielectric  constant  and  on  the 
dielectric  thickness.  It  nay  be  interesting  to 
evaluate  the  wavelength  elongation  caused  by  the 
presence  of  a  glass  cell  in  a  rectangular 
nicrowave  cavity.  The  elongation  is  defined  as  the 
difference  between  the  effective  wavelength  in  the 
cavity  and  free-space  wavelength.  A  glass 
thickness,  Tx,  is  defined  as  the  total  thickness  of 
a  glass  along  the  X  axis  and  is  dependent  on  the  Y 
position.  Consider  a  cylindrical  glass  cell  located 
inside  the  low  part  of  the  rectangular  cavity  as 
shown  in  Fig. 2. 

The  glass  thickness,  T. ,  for  y  <  R, ,  as  is 
given  in  Fig. 2,  is: 

T,  =  -r(R,*  -  y*)  -  T(R,>  -  y»)  (1) 
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Fig  2.  Rectangular  cavity  with  a  glass  coll 


The  effective  elongation  is  found  frow: 

Et  =  2T. (J€  -  1)  (2) 


where,  €  =  3.T8  is  the  glass  dielectric  constant. 
Then  the  fractional  elongation  is: 

E,  =  Ee/2R-  = 

=  ['f(l-(y/R,)')-J{{R,/Rv)'-(y/R,)M]*(-/«-l)  (3) 

The  fractional  elongation  derived  frow  (3)  is 
plotted  in  Figure  3. 


Fig  3. Fractional  elongation 
in  the  rectangular  cavity 

This  calculation  shows  that  a  glass  cell  cause 
a  high  distortion  of  nagnetlc  field  inside  the 
rectangular  cavity. 

Rectangular-cylindrical  cavity 

In  order  to  account  for  the  presence  of  the 
cylindrical  glass  cell  a  novel  rectangular- 
cylindrical  cavity  was  devised  (see  Figs. 4  and  5). 
The  design  coaprises  an  upper  rectangular  part  with 
dielectric  slab  and  a  seni-cylindrical  lower  part. 
The  cavity  operates  in  a  pseudo  TE, , ,  wode  where 
the  field  lines  in  the  upper  part  are  cowpressed 
di.'“  to  the  dielectric  slab.  The  lines  in  the  lower 
part  are  coapressed  due  to  the  cylindrical  shape 


thus  coapensating  the  influence  of  the  glass  cell. 
This  increases  the  field  intensity  inside  the  vapor 
cell  and  at  the  saae  tiae  retains  the  field 
uniforaity,  kn  even  higher  efficient  use  of  the 
aagnetic  field  is  achieved  due  to  a  high  filling 
factor  of  the  cylindrical  cell  inside  the 
rectangular-cylindrical  cavity. 

Mi^owave  cavity  design  goals 

The  following  requireaents  have  been  foraulated 
for  the  new  aicrowave  cavity  design: 

1.  Quality  factor  of  a  cavity  should  be  aore 
than  20  with  the  design  goal  of  100  to 
consuae  ainiaua  RF  power. 

2.  Cavity  should  be  coapact  to  reduce  cavity 
heaters  power  consuaption  and  to  iaprove 
aagnetic  field  iaaunity. 

3.  Microwave  aagnetic  field  should  be  as 

hoBogeneous  as  possible  with  its 

aaxiBUB  in  the  rubidiua  cells  center. 

4. TherBal  field  of  a  cavity  should  be 

hoBogeneous  with  a  saall  teaperature 
gradient  to  prevent  rubidiua  condensation 
on  a  cell  windows. 

5.  Cavity  should  be  a  two  part  construction 
to  enable  the  insertion  of  cells. 

Rectangular-cylindrical  cavity  analysis 

The  new  cavity  design  is  presented  in  Figures  4 
and  5  and  is  a  aodification  of  the  dielectric- 
filled  rectangular  cavity  operating  in  a  pseudo 
T, ,,  (1).  The  new  cavity  is  also  operating  in  a 

pseudo  TE, „ .  mode  but  the  fields  in  the  cavity 
center  reseable  the  pure  aode  except  that  they  are 
Bore  coapressed  in  the  lower  part  of  the  cavity. 
The  position  of  the  boundary  line,  between  cavity 
cover  and  cavity  base,  is  defined  to  be  at  zero 
current  line  on  the  cavity  surface  so  as  not  to 
degrade  cavity  quality  factor  significantly.  The 
dielectric  is  used  to  reduce  the  cavity  size. 
Magnetic  field  is  induced  by  a  quarter  wavelength 
aicrostrip-line  loop  installed  in  the  cavity  cover. 
The  cavity  is  adjusted  with  a  screw  positioned  at 
the  electric  field  saxiaua. 


Fig  4.  TE, „ I  Rectangular-cylindrical  cavity 
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Fig  5.  Cross-sectional  viee 

If  a  dielectric  slab  is  inserted  as  in  Fig.  5, 
then  the  boundary  conditions  for  a  cavity  operating 
in  TE, , ,  Bode  can  be  expressed  as: 

H,:  cos[(2x/ic  I  =  -McosI  )D)  (4) 

E,: 

j(i<,./2x)sin((2x/Jt,  )(A-D)]  = 

=  jM(i„/2«)sin(  (2x/a„D)  ]  (5) 

where, 

M  =  -cos[(2x/At,,  )(A-D)]/cos((2«/i(;jD)]  (6) 

ij 1  -  cavity  base  cutoff  wavelength 
>(,;  -  cavity  cover  cutoff  wavelength 
A  -  cavity  effective  height 

Dividing  equation  (S)  by  equation  (4)  we  get  an 
expression  which  allows  to  deteraine  A  and  D  for 

i  1 1  and  i  c.  2  [  2  J : 

(Ac ,/2x)/tg( (2x/ic 1 ) (*-D)]  = 

=  -(ic:/2x)/tg((2x/ic,)Dl  (7) 

Ac.  =  a„/J[1-(a„/a)'J  (8) 

At:  =  Ac/J[eo-(A„/A)']  (9) 

where , 

Ac  =  43.86BB  (free-space  wavelength  for  6.84GHz) 

Ep  =  5.78  in  our  case 

If  cells  are  inserted,  then  the  effective 

wavelength  in  the  cavity  is  a  function  of  the 
cavity  length: 

A  =  2(L  +  Tp(Je-l)J  (10) 


f6  18  A  mm 

Fig  8.  D  vs.  A 

It  is  seen  froB  these  graphs  that  the  only  critical 
paraseter  is  the  dielectric  constant  of  the 
Baterial  in  the  cavity  cover. 

The  fields  becoae: 


Hj,  =  cos((2x/Ac, )xl  (11) 
Hz:  =  -Hcos[(2«/Acj)(A-x))  (11a) 
Ey.  =  (At i/2«)sin( (2b/Ac , )x)  (12) 
E,2  =  M(Ac:/2«)sin[(2x/Ac2 )(A-x)]  (12a) 


The  fields  are  plotted  in  Figures  9  and  10. 

Hi  (I'elijtivs  uiiiti) 


>:/ii  1 
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Fig  9.  distribution 


where, 

e  =  glass  dielectric  constant  of  the  ceils 

T,  =  glass  total  thickness  along  Z  axis  Figure  9  shows  that  a  cavity  Bay  be  constructed 

The  glass  thickness,  T,  is  not  taken  into  account  froB  two  pieces  joined  together  in  y-z  plane  at 
here  for  siaplicity  of  presentation.  Equation  (7)  x/A=0.71  (H:=0)  without  significant  degradation 

has  been  solved  with  coBputer  and  the  resulting  o*  quality  factor, 
graphs  are  shown  in  Figures  6,7  and  8. 
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Fig  10.  E,  distribution 

As  Mentioned  before  the  calculation  is  perforaed 
neglecting  the  presence  of  the  glass  distributed 
along  the  X  axis  and  also  neglecting  a  hole  located 
on  one  of  the  X-y  planes  also.  Actually,  the  fields 
plotted  in  Figures  9,10  have  been  recalculated  to 
find  the  exact  position  of  H,=0.  This  calculation 
is  not  presented  here  because  it  gives  a  ssall 
deviation  froa  the  presented  results. 

Microwave  cavity  perforaance 


S  I  1  L'j'j  Mft'j 


Fig  12.  s, ,  of 

the  rectangular-cylindrical  cavity 


The  Measured  Q  of  the  new  cavity  including  glass 
cells  is  found  to  be  about  90.  This  is  only  two 
tiaes  less  than  theoretical  liait  for  an  eapty 
rectangular  cavity  without  holes.  The  achieved  Q  is 
two  tines  higher  than  reported  (1)  for  rectangular 
dielectric  loaded  cavity. 

Another  advantage  of  the  new  design  is  an 
absence  of  parasitic  resonances  at  other 
frequencies.  The  input  reflection  coefficient  S, , 
of  the  cavity  is  Measured  as  zero  that  sinplifies 
its  Matching  with  the  SRD  circuit.  The  aeasured 
characteristics  of  the  cavity  are  shown  in  Figures 
11  and  12. 


SRD  aultiplier  circuit 

The  SRD  Multiplier  circuit  is  chosen  to  be  an 
integrated  part  of  the  cavity  to  preclude 
reflections  and  consequent  oscillation  of  the 
circuit,  to  reduce  RF  power  consuaption  and  to  ease 
adjustaent. 

Me  can  see  froa  the  Saith  chart.  Fig. 11,  that 
the  cavity  with  a  quarter  wavelength  aicrostrip 
loop  has  a  parallel  resoruince  at  6.64GHz.  This 
leads  to  the  conclusion  that  a  voltage  source 
should  feed  the  cavity  i.e.  a  SRD  is  to  be  in 
parallel  with  cavity  input.  The  SRD-loop  scheaatlc 
diagraa  is  shown  in  Figure  13. 


Sll  FORIWRO  reflection 

Wpcoance 


CM  1  -  Sll 


» DARKER  1 
6.8100  GHz 
50.133  0 
3.079  JS 


C,  LOOP 


Hh- - Y 

f'""  /Z77777/ 

Lg  A/4 _ ^ 


Fig  13.  SRD-lood  circuit 

Capacitor  C3  is  a  aicrowave  single  layer 
capacitor  to  short  aicrowave  current.  This  circuit 
can  be  redrawn  as  in  Figure  14  for  6.84GHz,  where 
Cj  is  SRD  junction  capacitance. 


Fig  11.  Saith  chart  of 
the  rectangular-cylindrical  cavity 


Fig  14.  SRD-loop  siaplified  scheaatic 
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Tank  (L2  and  Cj)  is  to  resonate  at  about  2/3  of 
6.84GHz.  Inductor  L2  is  Bade  like  a  piece  of  air 
strip  line  with  variable  inductance  to  coapensate  a 
large  Cj  tolerance.  Quality  factor  of  1.2, Cj  tank  is 
about  1  and  L2  triaaing  is  not  critical. 

The  following  factors  define  input  iapedance  of 
the  circuit: 

1. Inductance  froa  input  terainal  to  ground 
through  the  open  SRD. 

2.  Resistance  of  the  open  SRD. 

3.  Conductive  interval  of  a  SRD  which  depends  on: 

3.1  Input  power. 

3.2  SRD  bias  current. 

3.3  SRD  lifetiae. 

3.4  Q  of  the  cavity. 

Tank  c2,l2  is  desirable  to  resonate  at  the  input 
frequency  that  aay  require  a  relative  high 
capacitor  value.  A  high  value  of  C2  together  with 
its  large  size  aay  cause  parasitic  resonances,  so 
interaediate  value  and  surface  aount  capacitor  is 
chosen.  Matching  circuit  Cl, LI  is  used  to  Batch 
SOoha  coaxial  cable  with  the  load.  The  circuit 
filters  high  order  haraonics  of  90MHz  input  signal 
and  shorts  high  order  haraonics  travelling  back  to 
the  coax.  Inductor  LI  is  adjusted  for  90MHz  input 
frequency.  Hatching  and  SRD  circuits  are  Bade 
iapleaenting  surface  aount  and  “chip  and  wire" 
technologies. 

The  actual  required  input  RF  power  is  found  to 
be  about  O.IW  which  is  the  known  threshold  value 
for  the  SRD. 


Suaaarv  of  the  perforaance 

1. Input  power:  20dBa. 

2. Input  iapedance:  SOoha. 

3. Perforaance  with  TF4010A  standard; 

3.1  Allan  variance  at  1  sec  is  8E-12. 

3.2  Phase  noise  =  -133dBc  at  lOOHz  offset 

(IHZ  BN) . 

Conclusion 

The  saall  size  of  the  cavity  and  its  rectangular 
shape  enabled  the  design  of  a  very  coapact  Physics- 
Package,  only  Sicc  in  voluae  which  is  currently 
used  in  TFL's  coapact  rubidiua  standard. 

The  Physics- Package  was  successfully  tested  and 
is  iapleaented  in  a  new  coapact  aodel  of  rubidiua 
frequency  standard,  Tr-4010A,  that  has  been  put 
recently  into  production  by  TFL.  The  new  aodel 
inherits  the  aain  feature  of  its  already  aodified 
predecessor  TF-4000B  and  has  the  following  aain 
suppleaentary  features: 

1 .  BOOcc  voluae . 

2.  Low  power  consuaptlon  and  low  ware  up 

current. 

3.  Very  low  phase  noise. 
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Abstract 

We  report  the  development  of  a  fieldable 
frequency  standard  based  on  ions 

confined  in  a  hybrid  rf/dc  linear  ion  trap. 
This  trap  permits  storage  of  large  num¬ 
bers  of  ions  with  reduced  susceptibility  to 
the  second-order  Doppler  effect  caused  by 
the  rf  confining  fields.  A  160  mHz  wide 
atomic  resonance  line  for  the  40.5  GHz  clock 
transition  is  used  to  steer  the  output  of  a 
5  MHz  crystal  oscillator  to  obtain  a  sta¬ 
bility  of  2  •  10“*®  for  24,000  second  averag¬ 
ing  times.  For  longer  averaging  intervals 
measurements  are  limited  by  instabilities  in 
available  hydrogen  masers  frequency  stan¬ 
dards. 

Introduction 

Atomic  frequency  standards  with  high  stability 
for  averaging  times  r  longer  than  1000  seconds  are 
necessary  for  a  variety  of  astrophysical  measure¬ 
ments  and  long  baseline  spacecraft  ranging  exper¬ 
iments.  The  millisecond  pulsar,  PSR  1937-F27, 
shows  stability  in  its  rotational  period  that  ex¬ 
ceeds  that  of  all  man-made  clocks  for  averaging 
times  longer  than  6  months.  Comparison  of  this 
pulsar  period  with  an  earth  based  clock  of  stabil¬ 
ity  1  X  10“*®  over  averaging  periods  of  one  year 
may  show  the  effects  of  very  low  frequency  (w  1 

'This  work  represents  the  results  of  one  phase  of  research 
carried  out  at  the  Jet  Propulsion  Laboratory,  California  In¬ 
stitute  of  Technology,  under  contract  sponsored  by  the  Na¬ 
tional  Aeronautics  and  Space  Administration. 


cycle  per  year)  gravitational  waves[l,2].  Space¬ 
craft  ranging  measurements  across  the  solar  sys¬ 
tem  would  be  improved  with  clocks  whose  stabil¬ 
ities  exceed  1  X  10“*®  for  averaging  times  of  10'* 
to  10®  seconds.  This  clock  performance  would  also 
improve  gravitational  wave  searches  in  spacecraft 
ranging  data.  Another  use  for  long  term  stable 
clocks  in  NASA’s  Deep  Space  Network  would  be 
in  maintaining  synchronization  with  Coordinated 
Universal  Time  (UTC). 

The  performance  of  microwave  frequency  stan¬ 
dards  in  use  today  are  summarized  in  Fig.l  [2,3]. 
For  short  term  stability  (  r  <  150  seconds)  the  Su¬ 
perconducting  Cavity  Maser  in  use  at  JPL  shows 
stability  as  good  as  2x  10“*®  for  averaging  times  up 
to  2000  seconds[4].  Hydrogen  masers  are  presently 
the  most  stable  frequency  standard  for  150  <  r  < 
30,000  seconds  and  are  the  primary  standard  in 
use  in  JPL’s  Deep  Space  Tracking  system.  For  av¬ 
eraging  times  greater  than  6  months  the  millisec¬ 
ond  Pulsar  PSR  1937  +  21  exceeds  the  stability 
of  international  timekeeping  abilities  at  a  level  of 
about  1-2  parts  in  10"*“*  [3].  For  r  >  10®  seconds 
the  most  stable  clock  yet  measured  is  the  Hg'*'  ion 
standard  based  on  2  x  10®  ions  confined  in  an  rf 
Paul  trap[2,5].  The  subject  of  the  present  paper 
is  a  linear  ion  trap  based  Hg'*’  frequency  standard 
now  being  tested  at  the  Frequency  Standards  Lab¬ 
oratory  at  JPL.  Stability  measurements  of  the  Hg"*" 
standard  in  two  modes  of  operation  are  shown  in 
Fig.  1,  the  lower  curve  using  an  H-maser  local  os¬ 
cillator  while  the  upper  curve  showing  the  perfor¬ 
mance  of  a  5  MHz  crystal  oscillator  steered  by  the 
Hg'*'  ion  resonance.  In  both  cases  determination  of 
the  long  term  stabilitv  ('i.e.,r  >  25,000  seconds)  is 
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Figure  1:  Fractional  frequency  stability  of  several 
precision  frequency  standards. 

limited  by  reference  H-ma.ser  instabilities. 

Typically  the  largest  source  of  frequency  offset 
in  standards  based  on  ions  confined  in  Paul  traps 
stems  from  the  motion  of  the  ions  caused  by  the 
trapping  fields  via  the  second-order  Doppler  or  rel¬ 
ativistic  time  dilation  effect.  Though  increasing 
ion  number  will  lead  to  increasing  signal  to  noise 
in  the  measurement  of  the  clock  transition,  the  fre¬ 
quency  offset  also  grows  with  the  number  of  ions 
forcing  a  trade-off  situation.  Often  fewer  ions  are 
trapped  in  order  to  reduce  the  (relatively)  large 
offset  and  frequency  instabilities  which  may  result. 
For  practical  standards  of  high  stability  such  fre¬ 
quency  offsets  can  be  tolerated  to  the  extent  they 
can  be  stabilized. 


Linear  Ion  Trap 


until  the  second  order  Doppler  shift  arising  from 
the  micromotion  in  the  trapping  field  dominates 
the  second  order  Doppler  shift  from  the  ion's  ther¬ 
mal  motion  at  room  temperature.  For  typical  op¬ 
erating  conditions  [6]  a  spherical  cloud  containing 
2- 10®  mercury  ions  shows  a  2nd  order  Doppler  shift 
of  2- 10“*^,  a  value  some  ten  times  larger  than  that 
due  to  thermal  motion  alone.  In  order  to  increase 
the  number  of  stored  ions  with  no  corresponding 
increase  in  second-order  Doppler  shift  from  ion  mi 
cromotion  we  have  developed  a  hybrid  rf/dc  linear 
ion  trap[7).  This  trap  confines  ions  along  a  line  of 
nodes  of  the  rf  field  effectively  providing  the  same 
capability  as  a  large  number  of  hyperbolic  traps 
together.  The  trapping  force  transverse  to  the  line 
of  nodes  is  generated  by  the  ponderomotive  force 
as  in  conventional  Paul  traps  while  the  axial  trap¬ 
ping  force  is  provided  by  dc  electric  fields  [7-11]. 

We  can  compare  the  second-order  Doppler  shift. 
A// /  generated  by  the  trapping  fields  for  a  cloud 
of  ions  in  these  two  types  of  traps,  assuming  that 
both  traps  are  operated  with  the  same  rf  trapping 
force  as  characterized  by  the  ion  secular  frequency 
a).  If  the  same  number  of  ions  N,  is  held  in  both 
traps,  the  average  distance  from  an  ion  to  the  node 
of  the  trapping  field  is  greatly  reduced  in  the  linear 
trap.  Since  the  distance  from  the  node  determines 
the  magnitude  of  the  rf  trapping  field,  the  2nd  or¬ 
der  Doppler  shift  of  an  ion’s  clock  frequency  due  to 
motion  in  the  trapping  field  is  reduced  from  that 
of  a  hyperbolic  trap.  If  R,pii  is  the  ion  cloud  ra¬ 
dius  in  the  hyperbolic  trap  and  L  is  the  ion  cloud 
length  in  the  linear  trap,  the  Doppler  shift  in  the 
two  traps  are  related  by[7] 


^  5R,ph(^f\ 
/Am  3  T  V  /  /  ,ph 


(1) 


As  more  ions  are  added  to  the  linear  trap  this  shift 
will  increase.  It  will  equal  that  of  the  spherical  ion 
cloud  in  a  hyperbolic  trap  when 


In  a  conventional  hyperbolic  Paul  trap,  ions  are 
trapped  around  a  node  of  the  rf  electric  field  at 
the  center.  The  strength  of  the  electric  field  and 
the  resulting  micromotion  of  the  trapped  particles 
grows  linearly  with  distance  from  this  node  point. 
As  ions  are  added  the  size  of  the  ion  cloud  grows 


^lin  =  r-^ — N,ph.  (2) 

0  n,ph 

Equations  (1)  and  (2)  are  valid  when  the  ion  cloud 
radii,  Run  and  are  much  larger  than  the  De¬ 
bye  length  which  is  the  characteristic  plasma  den¬ 
sity  decay  length  at  the  ion  cloud  edge,  and  is 
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about  0.4  mm  for  typical  Hg"*'  ion  plasmas  used 
in  frequency  standard  work  [6]. 

In  addition  to  its  larger  ion  storage  capacity,  the 
dependence  of  the  second-order  Doppler  shift  on 
trapping  parameters  in  a  linear  trap  is  very  dif¬ 
ferent  from  that  in  a  conventional  Paul  trap.  For 
many  ions  in  a  Paul  trap  this  shift  is  given  by[6,7] 


3  (.'•wV'" 

V  /  Kph  l0c'^\‘in(oTn) 


(3) 


w'here  u;  is  the  secular  frequency  for  a  spherical  ion 
cloud  containing  N  ions  each  with  charge  to  mass 
ratio  q/m.  c  is  the  speed  of  light  and  (c  is  the 
permittivity  of  free  sp<ice.  Ions  in  a  long  linear 
trap  where  end  effects  are  negligible  show  a  2nd 
order  Doppler  shift  from  the  motion  generated  by 
the  rf  confining  field  given  by[7] 
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where  N/L  i?  the  linear  number  density  of  ions  in 
the  trap. 

In  contrast  to  the  spherical  case  as  described 
Eq.(3),  this  expression  contains  no  dependence  on 
trapping  field  strength,  as  characterized  by  a;,  and 
depends  only  on  the  linear  ion  density  N/L.  If 
for  example,  the  rf  confining  voltage  increases  and 
consequently  the  micromotiou  at  a  given  point  in 
space  increases,  the  ion  cloud  radius  will  decrease 
so  that  the  second-order  Doppler  shift  (averaged 
over  the  cloud)  from  ion  micromotion  remains  con¬ 
stant.  Similar  statements  can  be  made  about  vari¬ 
ations  in  any  parameter  that  affects  the  radial  con¬ 
finement  strength  [8]. 

The  sensitivity  of  the  finite  length  linear  trap  to 
variations  in  radial  trapping  strength  (character¬ 
ized  by  w)  is  [8] 


and  to  variations  in  endcap  voltage  is 


(5) 


(6) 


Figure  2;  Linear  ion  trap  assembly  residing  in  its 
high  vacuum  enclosure.  State  selev  Mon  light  from 
the  ^°^IIg  discharge  lamp  enters  from  the  right, 
is  focused  onto  the  central  1/3  of  the  trap  and 
is  collected  in  the  horn.  Fluorescence  from  the 
trapped  ions  is  collected  in  a  direction  normal  to 
the  page. 

where  Rt  is  the  trap  radius.  The  Paul  trap  shows 
a  corresponding  sensitivity  to  trap  field  strength 
variations 


A  compari.son  of  Eqs.  (5)  and  (7)  shows  the  linear 
trap  based  frequency  standard  to  be  less  sensitive 
to  variations  in  trapping  field  strength  than  the 
Paul  trap  by  a  factor  of  2Rt/L.  For  the  trap  de¬ 
scribed  in  the  next  section  this  factor  is  about  1/3. 

Initial  Operation  with  H-Maser 
Local  Oscillator 

Our  linear  *rap  is  shown  in  Fig.  2.  Ions  are  cre¬ 
ated  inside  the  trap  by  an  electron  pulse  along  the 
trap  axis  which  ionizes  a  neutral  vapor  of  '^llg. 
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Figure  3:  Schematic  operation  of  the  mercury  ion  trap  using  a  hydrogen  maser  as  the  local  oscillator. 


A  helium  buffer  gas  (10~^  torr)  collisionally  cools 
the  ions  to  near  room  temperature.  Resonance  ra¬ 
diation  (194  nm)  from  a  discharge  lamp  op¬ 
tically  pumps  the  iors  into  the  F=0  hyperfme  level 
of  the  gr  nd  state[12].  This  UV  light  is  focused 
onto  the  central  1/3  of  the  75  mm  long  ion  cloud. 
The  thermal  motion  of  the  ions  along  the  length 
of  the  trap  will  carry  all  the  ions  through  the  light 
field  so  that  pumping  is  complete  in  about  1.5  sec¬ 
onds  for  typical  lamp  intensities. 

To  minimize  stray  light  entering  the  fluorescence 
collec  tion  system  this  state  selection  light  is  col¬ 
lected  in  a  pyrex  horn  as  shown  in  Fig.  2.  Place¬ 
ment  of  the  LaBe  electron  filament  is  also  chosen  to 
prevent  light  from  entering  the  collection  system. 
Its  placement  and  relatively  cool  operating  tem¬ 
perature  together  witii  good  filtering  of  the  state 
selection/inte-rogation  UV  light  in  the  input  opti¬ 
cal  system  have  allowed  frequency  standard  opera¬ 
tion  without  the  use  of  ?  194  nm  optical  bandpass 
filter  in  the  collection  arm.  This  triples  data  col¬ 
lection  rates  since  si'ch  filters  typically  have  about 
30%  transmission  for  194  iim  light. 

Microwave  radiation  (40.5  GHz)  propagates 
through  the  trap  perpendicular  to  the  trap  axis 


thereby  satisfying  the  Lamb-Dicke  requirement 
that  the  spatial  extent  of  the  ion’s  motion  along 
the  direction  of  propagation  of  the  microwave  radi¬ 
ation  be  less  than  a  wavelength.  Radiation  enters 
the  trap  region  through  the  pyiex  horn  (see  Fig. 
2)  and  propagates  in  the  opposite  direction  to  the 
UV  state  selection /interrogation  light.  This  allows 
collection  of  atomic  fluort  xence  in  both  directions 
perpendicular  to  the  incident  pumping  light.  For 
the  resonance  and  stability  data  shown  in  this  pa¬ 
per,  fluorescence  was  collected  in  only  one  of  these 
two  directions. 

At  the  present  time  no  thermal  regulation  is  in¬ 
corporated  into  the  ion  standard  itself.  However, 
for  all  stability  measurements  described  the  ion 
trap  standard  together  with  its  support  electron¬ 
ics  were  housed  in  an  environmentally  controlled 
test  chamber  where  temperature  variations  were 
regulated  to  approximately  ±0.C5°C.  This  level  of 
regulation  is  much  less  demanding  than  that  re¬ 
quired,  e.g.,  by  hydrogen  masers. 

We  have  used  the  technique  of  successive  oscil¬ 
latory  fields[13]  to  probe  the  approximately  40.5 
GHz  hyperfine  clock  transition  in  '^^Hg"*"  ions  con¬ 
fined  to  the  linear  trap  described  above.  In  the 
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Figure  4:  clock  transition  as  measured 

with  method  of  successive  oscillatory  fields.  This 
line  shape  results  from  two  0.35  second  microwave 
pulses  separated  by  a  2.5  second  free  precession 
period.  The  central  line  is  about  160  mHz  wide 
and  the  data  shown  is  an  average  of  ten  scans. 

initial  measurements  the  40.5  GHz  signal  is  de¬ 
rived  from  an  active  Hydrogen  maser  frequency 
source  as  shown  in  Fig.  3.  A  representative  reso¬ 
nance  line  of  the  ‘^^^Hg"^  clock  transition  is  shown 
in  Fig.  4.  State  selection  and  interrogation  is  ac¬ 
complished  during  the  1.5  seconds  following  the 
lamp  turn  on.  It  is  necessary  to  switch  the  UV 
state  selection/interrogation  light  level  to  near  zero 
during  the  microwave  interrogation  period  to  pre¬ 
vent  light  shifts  and  broadening  of  the  clock  transi¬ 
tion.  A  background  light  level  of  about  300,000  per 
1.5  second  collection  period  has  been  subtracted 
to  generate  the  resonance  shown.  The  successive 
oscillatory  field  pulses  consist  of  two  0.35  second 
microwave  pulses  separated  by  2.5  second  free  pre¬ 
cession  period.  The  data  shown  is  an  average  of 
ten  scans  with  a  10  mHz  frequency  step  size. 

The  central  portion  of  the  narrowest  resonance 
lines  yet  obtained  with  this  apparatus  are  shown  in 
Fig.  5.  This  line  is  derived  from  two  0.275  second 
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Figure  5;  High  Q  Ramsey  fringes  resulting  from 
two  microwave  pulses  of  0.275  seconds  separated 
by  a  16  second  free  precession  period.  The  fringes 
are  about  30  mHz  wide  and  the  data  shown  is  an 
average  of  four  scans. 

pulses  separated  by  a  16.5  second  free  precession 
period[14].  The  linewidth  of  30  mHz  represents  a 
line  Q  of  over  1  x  10*^  on  the  40.5  GHz  transition. 
The  data  displayed  is  an  average  of  4  full  scans 
and,  to  our  knowledge,  is  the  highest  Q  transition 
ever  measured  in  a  microwave  atomic  transition. 

To  determine  the  frequency  stability  of  the  over¬ 
all  system  of  ions,  trap,  microwave  source,  etc.,  we 
have  locked  the  output  frequency  of  the  40.5  GHz 
source  to  the  central  peak  of  the  160  mHz  reso¬ 
nance  in  a  sequence  of  16384  frequency  measure¬ 
ments.  The  time  required  for  each  measurement 
is  about  7  seconds  and  the  loop  response  time  was 
5  measurement  cycles.  By  averaging  the  frequen¬ 
cies  of  2^  adjacent  measurements  (N=l,2,..,13)  we 
form  the  modified  Allan  variance  shown  in  Fig.  6. 
Performance  of  the  linear  ion  trap  based  Kg'*"  stan¬ 
dard  measured  in  this  manner  is  2  X  10~*^/V^  for 
averaging  times  r  <  20,000  seconds  beyond  which 
H-ma.ser  frequency  instabilities  limit  the  measure¬ 
ment. 
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F'igure  6:  Performance  of  the  Hg"*"  system  when 
the  local  oscillator  is  a  hydrogen  maser.  The  frac¬ 
tional  frequency  stability  of  the  ion  trap  system  is 
measured  against  an  LO  maser.  Also  shown  is  the 
stability  comparison  of  the  LO  maser  to  a  another 
ll-rnaser. 

Operation  with  a  Crystal  Oscilla¬ 
tor 

In  this  .section  we  describe  the  long  term  sta¬ 
bility  achieved  when  a  commercial  (Oscilloquartz 
8G00B  no.  10-1)  5  MHz  quartz  crystal  oscillatoi  of 
superior  performance  is  servoed  to  the  IGO  mHz 
Hg'*'  ion  resonance  in  Fig.  4.  The  schematic  of 
this  system  is  shown  in  Fig.  7.  Using  the  JPL 
Frequency  Standards  Lab  measurement  system  we 
have  carried  out  a  frequency  stability  measurement 
of  the  Hg'*'  steered  crystal  using  two  H-masers  in 
the  measurement  system  (designated  DSN2  and 
DSN3)  as  references. 

The  results  of  this  63  hour  comparison  arc  shown 
in  Fig.  8  (a)  and  (b).  The  first  figure  shows  Al¬ 
lan  deviation  of  the  Hg'*'  steered  crystal  as  mea¬ 
sured  against  DSN2  (upper  trace)  and  against 
DSN3  (lower  trence).  For  averaging  times  less 
than  10  seconds  the  Allan  deviation  is  that  of  the 
unsteered  crystal  oscillator  since  the  loop  attack 


time  is  about  10  seconds.  For  averaging  times 
shorter  than  about  13,000  seconds  the  Hg'*'  stan¬ 
dard  shows  the  same  stability  independent  of  ref¬ 
erence  maser.  For  r  >  20, 000  seconds  the  Allan 
deviation  of  the  Hg'*'  vs.  DSN2  is  the  same  as 
that  for  DSN2  vs.  DSN3  (see  Fig.  8  (b))  indicat¬ 
ing  that  DSN2  has  the  limiting  performance  of  the 
three  standards  under  test  for  this  averaging  time 
period.  The  lower  trace  of  Fig.  8(a)  shows  a  Hg"*" 
standard  stability  of  2  X  10~'^  for  r  =  24,000  sec¬ 
onds  beyond  which  instabilities  in  DSN3  probably 
limit  the  measurement  .  A  second  Hg'*'  ion  stan¬ 
dard  is  now  under  construction  which  will  enable 
stability  measurements  beyond  24,000  seconds. 

Local  Oscillator  Considerations 

Fluctuations  in  the  local  oscillator  (L.O.)  limit 
performance  of  a  trapped  ion  standard  in  two 
ways.  As  discussed  above,  slow  variations  of 
the  L.O.  are  compensated  by  action  of  the  servo 
system.  The  effectiveness  of  this  compensation 
increases  with  the  measuring  time,  so  that  for 
longer  measuring  times  performanc<'  approaches 
the  l/y/r  dependence  which  is  characteristic  of 
passive  standards.  This  behavior  is  clearly  shown 
in  Figure  8. 

However,  fast  fluctuations  in  the  L.O.  also  de¬ 
grade  performance  of  the  standard  by  an  effect 
that  adds  to  the  (white)  fluctuation  of  the  pho¬ 
ton  count  from  measurement  to  measurement[15- 
17].  This  limitation  continues  to  the  longest  times, 
having  the  same  1/v/r  dependence  on  measuring 
time  T  as  the  inherent  performance  of  the  standard 
itself.  The  cause  of  this  effect  can  be  traced  to  a 
time  varying  sensitivity  to  L.O.  frequency  which 
is  inherent  in  the  interrogation  process.  This  lim¬ 
itation  was  evaluated  in  a  recent  calculation  for 
several  types  of  sequentially  interrogated  passive 
standards{17]. 

Using  this  same  methodology,  we  have  calcu¬ 
lated  the  L.O. -induced  performance  degradation 
for  our  particular  interrogation  scenario.  Here, 
two  RF  pulses  of  0.35  second  length  are  separated 
by  a  delay  of  2.5  seconds.  A  dead  time  of  3.8 
seconds  follows  to  give  the  cycle  time  of  tc  =  7 
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Figure  7:  Schematic  operation  of  the  mercury  ion  trap  to  steer  a  quartz  oscillator. 


seconds.  Our  quartz  L.O  shows  flicker  frequency 
noise  with  an  approximately  flat  Allan  deviation 
of  1.5  X  10"*^.  For  this  L.O.  we  calculate  a  con¬ 
tribution  to  the  Allan  deviation  of  the  trapped  ion 
source  of  2.6  X  10“*^/ v/^.  This  value  is  slightly 
larger  than  the  1.96  X  10“'^/y^  due  to  random 
fluctuations  in  the  photon  count,  again  based  on 
actual  operating  conditions.  The  two  contribu¬ 
tions  can  be  combined  in  to  give  a  limiting  stability 
of  3.25  X  10“*^/>/r  which  is  plotted  along  with  the 
data  in  Figure  8.  The  data  confirm  this  analysis 
by  a  very  close  approach  to  the  line  for  measuring 
times  r  >  10^  seconds. 

It  is  worth  mentioning  that  both  L.O.  and  in¬ 
trinsic  statistical  performance  limitations  may  be 
reduced  by  increasing  the  interrogation  time,  as 
long  as  the  dead  time  is  not  increased.  The  im¬ 
plicitly  higher  Q  and  reduced  (relative)  dead  time 
would  result  in  a  comparable  improvement  for  each 
of  the  two  contributions.  For  example,  an  increase 
in  the  interrogation  time  by  4x  would  reduce  the 
limiting  1/y^  Allan  deviation  by  half. 

However  it  is  clear  that  as  performance  improves 
to  make  possible  trapped  ion  performance  in  the 
low-lQ-^^/'/r  range,  quartz  crystal  L.O.  perfor¬ 


mance  will  not  be  sufficient  in  itself  to  keep  pace. 
In  this  case  a  cryogenic  L.O.  with  10"^^  type  sta¬ 
bility  for  short  times  could  be  used,  or  a  quartz 
L.O.  with  alternatively  interrogated  traps  to  give 
a  uniform  servo  sensitivity  with  time[17]. 


Sources  of  Frequency  Instability 

While  short  term  performance  of  the  ion  trap 
standard  is  determined  by  signal  to  noise  ratio  and 
line  Q  of  the  clock  transition  resonance,  the  long 
term  stability  is  determined  by  the  sensitivity  of 
the  atomic  system  to  changes  in  environmental  and 
operating  parameters  and  on  our  ability  to  control 
and  stabilize  such  parameters.  The  largest  mea¬ 
sured  offsets  of  the  Hg"*"  clock  transition  frequency 
under  our  present  operating  conditions  are  shown 
in  Fig.  9.  If  these  offsets  are  stable  the  device 
serves  as  a  practical  frequency  standard.  In  addi¬ 
tion,  when  these  offsets  are  quantified,  the  stan¬ 
dard  can  reach  accuracy  well  below  the  magnitude 
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ion  number  stabilization  was  used  in  any  of  the 
measurements  described  here  though  some  stabi¬ 
lization  is  acheived  by  filling  the  trap  to  saturation 
level  for  the  given  DC  voltage  on  the  end  elec¬ 
trodes.  Saturation  occurs  so  long  as  the  net  rate  of 
ion  generation  in  the  trap  is  much  higher  than  the 
ion  loss  rate.  This  present  procedure  is  sufficent 
to  maintain  ion  number  stability  of  at  least  0.1% 
over  the  24,000  second  averaging  time  required  to 
reach  2  x  10“i^  stability. 
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Figure  8:  Performance  of  the  Hg+  system  when  the 
LO  is  a  quartz  oscillator,  (a)  Fractional  frequency 
stability  compared  to  the  hydrogen  maser  DSN3 
and  maser  comparison  between  DSN2  and  DSN3. 
(b)  The  ion  trap  standard  compared  to  each  maser 
independently  distinguishing  the  different  perfor¬ 
mance  of  the  two  masers  for  times  r  >  10,000  sec¬ 
onds.  The  dashed  line  represents  calculated  per¬ 
formance  based  on  actual  operating  conditions. 


The  second-order  Doppler  shift  from  ion  motion 
driven  by  the  trapping  field  is  determined  by  mea¬ 
suring  clock  frequency  as  ion  number,  N,  decays 
during  the  approximately  2000  second  ion  storage 
time  for  our  trapping  conditions.  The  frequency 
offset  between  our  current  operation  with  about 
5  X  lO’^  ions  and  very  few  ions  where  trapping  field 
shifts  are  minimized  is  1.5- 2.0  X  10“’^.  No  active 


Figure  9:  The  largest  measured  perturbations  to 
the  i^Hg-*"  clock  transition  in  the  linear  trap  under 
typical  operating  conditions. 

The  fractional  sensitivity  of  the  '^Hg"''  clock 
transition  to  magnetic  field  variations  is  nearly 
1000  times  less  than  that  of  hydrogen  at  the  same 
operating  field.  For  the  present  measurements  the 
field  was  set  at  3.5/xT  (35  mG).  At  this  operating 
field  the  unshielded  atomic  sensitivity  is  1.7x  lO”*^ 
per  mG.  To  reach  1  X  10“*®  frequency  stability  the 
current  in  the  Helmholtz  field  bias  coils  must  be 
stable  to  2  X  10“®.  To  prevent  ambient  field  dis¬ 
turbances  from  influencing  the  ion  frequency  the 
trap  region  is  surrounded  by  a  triple  layer  mag¬ 
netic  shield  of  shielding  factor  10,000.  With  this 
shielding  factor  a  5  mG  ambient  field  change  would 
lead  to  a  1  X  lO'*®  shift  in  the  atomic  resonance 
frequency.  Magnetic  gradients  must  also  be  mini¬ 
mized  in  order  to  reach  the  highest  frequency  sta¬ 
bility  since  gradients  over  the  ion  cloud  can  de¬ 
grade  atomic  coherence  and  limit  line  Q.  A  par- 
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tial  solution  has  been  to  operate  the  standard  at 
relatively  high  field  settings  (  35  mG)  but  this  also 
increases  the  atomic  sensitivity  to  fluctuations  in 
ambient  field. 

The  fractional  temperature  sensitivity  of  the 
complete  system  is  measured  to  be  less  than 
10-14/0^  which  probably  comes  about  via  in  in¬ 
crease  in  neutraJ  mercury  vapor  and  a  consequent 
heating  and/or  ion  cloud  radius  increase.  The 
lamp  and  its  housing  must  also  be  temperature 
controlled  as  the  brightness  is  highly  depend  on 
temperature. 

Long  term  stability  requires  controlling  these 
variables  to  high  precision.  Since  the  mercury 
atom  is  in  general  less  sensitive  to  environmental 
changes  than  other  atoms  used  in  frequency  stan¬ 
dards  an  order  of  magnitude  improvement  may  be 
obtained  in  long  term  stability  with  the  same  level 
of  control  as  existing  standards. 

Conclusions 

By  steering  a  5  MHz  crystal  oscillator  to  a  160 
mHz  atomic  resonance  {Q  =  3.3  •  10*^)  we  have 
measured  performance  of  2  x  for  r  =  24,000 
seconds  limited  only  by  the  stability  of  available 
reference  hydrogen  masers.  Line  Q’s  as  high  as 
1.3  X  10*^  have  been  measured  [14],  indicating 
consequent  performance  for  this  trap  as  good  as 
5  X  lO~^*/y/T  for  T  >  150  seconds. 
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Abstract  Performance  of  USNO  masers 


Hie  United  States  Naval  Observatory(USNO) 
has  been  using  hydrogen  masers  for  over  six  years 
as  part  of  the  USNO  Master  Clock.  The  Naval 
Research  Laboratory(NRL)  has  also  been  using 
masers  references  as  part  of  the  NRL  Clock  testing 
facility  since  September  1985.  The  masers  reported 
on  in  this  paper  will  include  the  Smithsonian 
Astrophysical  Observatory  VLG-11,  VLG-12  and 
masers  from  the  Sigma  Tau  Standards 
Corporation.  This  paper  will  describe  the 
operation  of  the  masers  at  USNO  and  NRL 
including  stability,  aging  rates,  and  reliability. 

Introduction 

The  United  States  Naval  Observatory(USNO) 
is  responsible  for  time  keeping  within  the 
Department  of  Defense(DOD).  The  USNO  Master 
Clock  is  a  system  of  several  hydrogen  masers, 
cesium  beam  and  mercury  ion  frequency  standards. 
USNO  has  up-graded  its  time  scale  and  in  recent 
years  has  added  an  NRL  designed  48  channel  long 
term  clock  measurement  system[l],  a  new  full 
Kalman  filter  based  clock  ensemble[2],  three 
trapped  Mercury  Ion  devices[3]  and  fourteen 
Hydrogen  masers[4,  5]. 

NRL  has  been  in  the  forefront  of  advanced 
clock  development  for  a  variety  of  DOD  systems 
including  the  USNO  Master  Clock  upgrade  program 
and  the  Global  Positioning  System  (GPS)  atomic 
clock  development  program[6].  Hydrogen  masers 
serve  as  the  primary  frequency  standard  in  the  NRL 
clock  test  facility.  Starting  from  the  early  1970’s 
NRL  purchased  four  SAO  VLG  series  masers  and 
two  Sigma  Tau  masers  to  use  as  references.  The 
two  Sigma  Tau  masers  (NRL-Ni  and  NRL-N2)  and 
one  of  the  SAO  VLG-11  (P-12)  series  masers  were 
chosen  to  make  up  NRL’s  primary  frequency 
reference  ensemble  with  the  other  three  SAO  VLG 
series  masers,  including  the  original  VLG-10  P-0, 
are  located  at  other  test  sites. 


The  new  USNO  long  term  clock 
measurement  system  was  designed  to  take  data  in  a 
highly  automated  fashion,  and  has  proved  to  be 
ideal  for  measurement  of  a  large  number  of  clocks 
over  very  long  periods  of  time.  This  48  channel 
dual-mixer  system  records  data  every  hour  with  a 
measurement  noise  of  less  than  five  picoseconds. 
The  computers  running  the  measurement  software 
are  available  over  an  ethernet  type  UNIX  network, 
which  makes  data  handling  very  easy. 

At  present  USNO  is  operating  twelve 
Hydrogen  Masers  with  two  more  expected  to  arrive 
later  in  1991.  Of  the  twelve  masers  already  at 
USNO,  two  are  SAO  VLG-11  series  masers  (P-18 
and  P-19),  four  are  SAO  VLG-12  (P-22,  23,  24  and 
P-25)  series  masers  and  six  are  Sigma  Tau  masers 
(Nl,  N2,  N3,  N4,  N5  and  N6).  Data  on  two  of  the 
Sigma  Tau  masers,  Nl  and  N6  was  not  available  for 
this  paper  because  they  have  been  sent  to  other 
USNO  sites. 

The  performance  of  eight  of  the  USNO 
masers  taken  over  a  period  of  264  days  was 
measured  against  the  USNO  Master  Clock.  This 
264  day  span  covers  MJD  48104  to  MJD  48368 
(August  1990  -  April  1991).  The  drift  removed 
frequency  stability  of  each  combination  of  clock 
pairs  was  then  calculated  and  used  in  an  N- 
Comered  bat  estiination[7,  8],  so  the  true  stability 
of  each  clock  could  be  found.  Table  1  shows  the  N- 
Corner  Hat  estimates  of  the  frequency  stability  of 
the  USNO  masers.  Masers  denoted  as  P  are  built 
by  SAO  and  masers  with  a  N  prefix  were  built  by 
Sigma  Tau.  During  a  one  month  period  starting  in 
March  1991  P-23  exhibited  a  8  xl0  ‘*  frequency  shift 
which  distorts  the  stability  numbers  for  this  clock. 

N2,  and  P18  are  being  steered  to  the 
USNO  Master  Clock  by  use  of  the  high  resolution 
synthesizer  built  into  both  types  of  masers.  Because 
of  this,  only  a  shorter  span  of  data  was  available  for 
the  calculation  of  the  stability  of  masers  N2  and 
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N-CORNER  HAT  FOR  A  263  DAY  PERIOD  COVERING  MJD(8104-8367)  WITH  DRIFT  REMOVED. 


1  DAY 

2  DAY 

4  DAY 

8  DAY 

16  DAY 

32  DAY 

N3 

1.4 

1.5 

2.0 

2.7 

3.8 

5.7 

N4 

1.6 

2.1 

2.7 

3.4 

4.9 

5.6 

N5 

1.2 

0.85 

.75 

0.8 

0.73 

0.9 

P19 

1.95 

2.0 

2.05 

1.8 

1.9 

2.2 

P22 

3.1 

3.6 

4.4 

4.8 

6.2 

8.7 

P23* 

5.7 

6.9 

9.0 

11.6 

13.0 

14.5 

P24 

0.6 

0.97 

0.82 

0.92 

1.05 

1.2 

P25 

1.2 

1.4 

1.83 

3.3 

5.49 

7.5 

N2 

1.1 

1.36 

1.24 

2.3 

P18 

1.9 

2.4  2.7 

2.8 

NOTE: 

All  values  are  times  1 

xlO 

*8  xlO 

frequency  shift  greatly 

influenced 

data  on  P-23 

P18.  The  steer  amounts  were  removed  from  the 
data  and  a  3-Corner  hat  estimate  was  calculated. 
This  data  is  also  shown  in  Table  1. 

The  drift  rate  was  removed  by  using  a 
simple  linear  fit  to  the  frequency  data  which  worked 
well  for  most  pairs  of  clocks.  P-25  had  a 
logarithmic  shape  to  its  frequency  drift,  with  the 
drift  rate  slowing  by  almost  50  %.  Drift  rates  for 
each  clocks  are  shown  below  versus  BIPM. 


N3-  BIPM 
N4-  BIPM 
N5-  BIPM 
P18  -  BIPM 
P23  -  BIPM 
P19  -  BIPM 
N2-  BIPM 
P24  -  BIPM 
P22  -  BIPM 
P25  -  BIPM 


NONE 

NONE 

+0.25x10'VDAY 
+0.29  xIO  'VDAY 
+0.99  xlO  'VDAY 
+  1.09x10  “/day 
+  1.26  xlO  “/DAY 
+  1.82x10  “/DAY 
+  2.81  xIO'VDAY 
+3.37x10  “/DAY 


NOTE:  NONE  IS  <(  +  /-)  1  xlO  “/DAY  DRIFT 


PERFORMANCE  OF  NRL  MASERS 


The  Sigma  Tau  corporation  delivered  two 
Hydrogen  masers  (NRL-Nl  and  NRL-N2)  to  NRL 
in  the  September  1985.  These  masers  have  been  in 
almost  continuous  operation  since  the  day  they 
arrived  having  been  shut  off  only  once  because  of 
dead  back-up  batteries.  No  adjustments  have  been 
made  to  any  of  the  masers  settings  for  almost  six 
years. 


NRL  and  USNO  installed  a  cesium  clock  at 
a  local  television  station  (WTTG  channel  5)  that  is 
used  to  produce  the  77  Mhz  carrier  frequency  of 
this  station[9].  Both  NRL  and  USNO  mix  their 
local  references  with  the  received  television  carrier 
to  produce  a  2250  Hz  beat  frequency.  USNO  feeds 
their  beat  frequency  to  NRL  over  a  dedicated 
telephone  line  and  NRL  compares  the  phase  of 
these  two  2250  Hz  signals.  The  cesium  clock  at 
WTTG  will  cancel,  and  NRL  is  left  with  the  phase 
difference  between  NRL-reference  (NRL-Nl)  and 
the  USNO  Master  Clock.  The  short  term  noise  in 
this  method  is  good  but  signal  drop  outs  can  cause 
phase  breaks  to  occur. 

Using  this  television  carrier  phase 
comparison  system  to  measure  the  long  term 
frequency  drift  in  the  NRL  reference  shows  that 
NRL-Nl  had  a  drift  rate  of  less  than  5  xlO  ‘’/day 
for  almost  six  years  versus  BIPM. 

NRL-N2  exhibited  a  non-linear  frequency 
drift  rate  during  the  fust  two  and  half  years  of 
operation  at  NRL,  with  the  drift  rate  slowly 
increasing.  This  drift  rate  changed  to  a  constant 
rate  of  +4  xlO  '“/day  for  the  next  two  years. 
Approximately  one  year  ago  the  drift  rate  shifted 
again  to  a  constant  rate  +3.5  xlO  '^/day  and 
remained  at  that  rate. 

The  drift  removed  frequency  stability  of 
NRL-Nl  versus  NRL-N2  is  shown  below.  Because 
these  two  clock  are  similar  one  may  assume  that 
one  of  the  two  clocks  are  at  least  the  square  root  of 
two  better  than  shown  in  below.  NRL-Nl  versus 
BIPM  stability  estimates  for  100  day  and  200  day 
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sample  times  are  also  shown  below. 

TYPICAL  FREQUENCY  STABILITY  NRL-Nl 
VERSUS  NRL-N2  (DRIFT  REMOVED) 

1  sec  2.5  xlO 
10  sec  3.5x10  '" 

100  sec  6.0  xlO  '* 

1  hour  5.0x10  ” 

2  hour  4.8x10  '* 

4  hour  4.6  xlO  '* 

8  hour  3.6  xlO  '* 

Iday  2.8x10” 

2  day  2.1  xlO  ” 

5  day  1.2  xlO  ” 

10  day  1.2x10  ” 

FREQUENCY  STABILITY  ESTIMATE  OF  NRL- 
Nl  VERSUS  BIPM  (NOT  DRIFT  REMOVED) 

100  day  4.7  xlO  '* 

200  day  5.6  xlO  '* 

RELIABILITY 

The  reliability  of  both  the  VLG-12  and 
Sigma  Tau  masers  has  been  excellent.  The  only 
systematic  problem  was  in  the  older  SAO  VLG-11 
series  maser’s  vacuum  system.  The  VLG-11  masers 
require  replacement  of  the  ion  pump  every  two  or 
three  years.  The  SAO  VLG-12  series  masers  high 
vacuum  ion  pump  system  is  improved  and  should 
last  much  longer.  Also  several  VLG-11  masers 
have  suffered  receivers  failures  due  to  an  amplifier 
chip  running  hot  and  burning  out.  This  design  error 
has  been  eorrected  and  all  of  USNO  masers  have 
been  modified  to  correct  this  error. 

All  of  the  USNO  Sigma  Tau  masers  needed 
their  quartz  oscillators  replaced.  After  consulting 
the  company  that  manufactures  this  quartz 
oscillator,  a  design  flaw  was  discovered.  The 
company  changed  their  design  and  future  problems 
are  not  expected.  It  is  expected  that  the  useful 
lifetimes  of  both  the  VLG-12  and  Sigma  Tau 
masers  will  be  greater  than  12  years. 


The  clocks  with  the  least  drift  were  N3,  N4, 
N5  and  P18.  These  drift  rates  were  less  than 
3.0  xlO  '”/DAY  versus  BIPM.  Over  a  period  of 
less  than  one  year  measuring  drift  rates  smaller 
than  this  is  very  difficult  because  of  measurement 
uncertainties  between  BIPM  and  USNO. 

NRL  master  frequency  reference  NRL-Nl 
has  shown  a  net  long  term  frequency  drift  versus 
BIPM  of  less  than  5  xlO  '’/day  over  a  six  year 
period. 
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Abstract 

Barometric  pressure  variations  have  been  found  to  in¬ 
duce  significant  frequency  shifts  in  atomic  hydrogen 
masers  1^  changing  the  compressive  forces  exerted  on 
the  maser's  electromagnetic  cavity.  The  observed  fre¬ 
quency  shifts,  which  can  be  as  large  as  1  part  in  10'*^, 
track  rising  and  failing  pressures  symmetrically.  The 
barometric  pressure  fluctuations  control  the  maser’s 
aging  rate  for  periods  as  short  as  a  few  hours  and  as  long 
as  2  weeks. 

Introduction 

Atomic  hydrogen  masers,  which  exhibit  a  frequency 
stability  of  parts  in  have  proven  to  be  the  most  sta¬ 
ble  frequency  standards  available  for  sampling  periods 
up  to  lO’  seconds  [1,  2].  The  hydrogoi  maser  derives  its 
stable  output  from  electronic  observation  of  the  hyper- 
fine  transitirxi  of  atomic  hydrogen,  occurring  at  a  fre¬ 
quency  of  1.4204057518  GHz  [3].  The  narrow  micro- 
wave  resonance  line  generated  by  the  hyperfine  transi¬ 
tion  is  observed  using  an  electromagnetic  resonant  cavity 
operating  in  the  T^u  mode.  Using  superheterodyne 
techniques,  a  5  MHz  crystal  oscillator  is  phase  locked  to 
the  signal  coupled  from  the  resonant  cavity.  The  crystal 
oscillator  output  reflects  the  long-term  stability  (greater 
than  100  s)  of  the  maser  as  determined  by  its  large  atom¬ 
ic  line  Q  (1.33  x  10  *). 

Changing  environmental  conditions  are  expected  to 
have  an  adverse  effect  on  the  performance  of  the  hydro¬ 
gen  maser.  The  temperature  and  humidity  affect  the  elec¬ 
tronic  circuitry  used  to  tune  the  microwave  resonant  cav¬ 
ity  to  the  hyperfine  transition  frequency  of  atomic  hydro¬ 
gen.  Barometric  pressure  changes  compress  the  vacuum 
enclosure  surroimding  the  electromagnetic  resonant  cavi¬ 
ty,  which  distorts  the  electromagnetic  field  inside  the 
cavity  and  changes  the  maser’s  resonance  frequency.  The 
barometric  pressure-induced  effects  are  generally  diffi¬ 
cult  to  calibrate  because  they  are  often  masked  by  fre¬ 
quency  shifts  caused  by  ambient  temperature  variations. 
This  complication  was  eliminated  in  the  current  series  of 
atomic  hydrogen  masers  by  enclosing  the  resonant  cavity 


within  a  thermally  isolating  quartz  sleeve.  Constructing 
the  outer  wall  of  the  resonant  cavity  from  quartz  has 
reduced  the  temperature  sensitivity  of  the  maser  more 
than  an  order  of  magnimde  over  die  same  design  con¬ 
structed  out  of  aluminum. 

Experimental  Procedure 

The  data  presented  in  this  paper  were  recorded  by  a 
data  acquisition  system  since  1  March  1990.  The  system 
continuously  monitors  the  performance  of  three  hydro¬ 
gen  masers  as  well  as  the  environmental  conditions  of 
the  laboratory  in  which  the  masers  are  maintained.  Every 
5  minutes  die  system  records  the  values  of  all  the  en¬ 
vironmental  conditions  and  calculates  an  updated  aging 
rate  for  each  monitored  maser.  The  5-minute  interval  raw 
data  are  averaged  by  the  system  controller  to  produce 
daily  and  weekly  plots  of  the  masers’  aging  rates  and  the 
environmental  conditions  as  frmctions  of  time. 

The  data  acquisition  system  is  composed  of  the  en- 
vircmmental  monitoring  subsystem,  the  maser  aging  rate 
measurement  subsystem,  and  the  system  controller  com¬ 
puter.  The  system  is  nearly  redundant,  for  it  incorporates 
two  independent  cmnputer  controllers,  an  entirely  redun¬ 
dant  maser  aging  rate  measuring  system,  and  r^undant 
envirmunental  sensors  coirunon  to  both  system  con¬ 
trollers. 

The  environmental  monitoring  subsystem  consists  of 
an  array  of  traceable  thermometers  meeting  National  In¬ 
stitute  of  Standards  and  Technology  (NIST)  standards, 
relative  humidity  sensors,  dew  point  sensors,  and  banmn- 
eters  with  single  measurement  accuracies  of  0.1  *C,  2%, 
0.5  *C,  and  0.01  inch  Hg,  respectively.  The  DC  output 
from  each  of  the  enviroiunental  senscns  is  fed  into  a  mul¬ 
tiplexer.  At  5-minute  intervals,  the  system  controller  uses 
a  digital  voltmeter  to  scan  the  multiplexer  inputs  and  rec¬ 
ord  the  measured  environmental  conditions. 

The  maser  aging  rate  measurement  subsystem  mea¬ 
sures  the  aging  rate  of  one  maser  relative  to  another  with 
a  resolution  of  a  few  parts  in  10"**.  The  two  hydrogen 
masers  monitored  in  this  investigation  have  been  desig¬ 
nated  NRBl  and  NRX.  The  aging  rate  of  NRBl  relative 
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to  NRX  is  measured  by  calculating  the  lime  rate  of 
change  of  the  phase  of  the  5  MHz  output  of  NRB 1  rela¬ 
tive  to  that  of  NRX.  The  measurement  systent  makes  this 
calculation  as  follows. 

As  shown  in  Figure  1 , 10  Hz  phase  signals  are  derived 
by  multiplying  the  5  MHz  output  from  each  maser  to  200 
MHz  and  mixing  this  signal  with  a  -10  Hz  offset  200 
MHz  (199,999,990  Hz)  reference  signal  derived  from  a 
third  maser.  The  -10  Hz  offset  200  MHz  signal  is  gener¬ 
ated  by  using  a  frequency  synthesizer  to  produce  a  S 
MHz  -0.25  Hz  (4,999,9^.75  Hz)  signal  from  the  5 
MHz  output  of  a  third  maser.  This  signal  is  then  multi¬ 
plied  by  40,  producing  the  -10  Hz  offset  200  MHz  refer¬ 
ence.  The  200  MHz  signals  from  both  NRB  1  and  NRX 
are  separately  mixed  with  the  common  -10  Hz  offset  2(X) 
MHz  signal  to  produce  two  10  Hz  square  waves. 

These  two  10  Hz  square  wave  signals  are  inputted  to  a 
time  interval  counter,  which  continuously  measures  the 
time  interval  separating  the  rising  edges  of  the  two  10  Hz 
square  waves.  The  measurement  system  computer  con¬ 
troller  continuously  reads  the  counter  and  calculates  the 
time  rate  of  change  of  the  counter’s  reading.  The  rate  of 
change  of  the  time  interval  counter  reading  is  proportion¬ 
al  to  the  time  rate  of  change  of  the  phase  of  NRB  1  rela¬ 
tive  to  NRX,  which  is  the  aging  rate  of  NRB  1  relative  to 
NRX. 


The  time  interval  counter  output  also  drives  a  digital- 
to-analog  converter  for  analog  display  on  a  strip  chart 
recorder.  The  strip  chart  recorder  allows  independent 
verification  of  the  value  calculated  by  the  computer  for 
the  aging  rate,  since  the  slope  of  the  chart  recorder’s 
trace  is  the  maser  aging  rate. 

At  5-minute  intervals,  the  measurement  system  com¬ 
puter  records  and  averages  10  samples  from  the  output  of 
the  NRBl  versus  NRX  time  interval  counter.  This 
10-sample  average  is  used  with  6  similar  time  interval 
measurements  recorded  over  the  previous  30  minutes  to 
calculate  an  updated  value  for  the  aging  rate  of  NRB  1 
relative  to  NRX.  The  computer  then  records  10  samples 
from  the  output  of  each  environmental  sensor,  which  are 
averaged,  time  tagged,  and  placed  in  permanent  storage 
with  the  updated  value  of  the  aging  rate.  The  5-nunute 
interval  raw  data  are  later  processed  by  the  system  con¬ 
troller  to  produce  daily  and  weekly  plots  of  all  monitored 
parameters  as  functions  of  time.  Figures  2  through  10  are 
examples  of  the  system  output. 

Experimental  Results 

Figures  2  through  8  illustrate  the  hydrogen  masers’ 
susceptibility  to  barometric  pressure  variations  over  a 
1-year  period  The  left  vertic^  axis  of  each  ctirve  shows 
the  maser  aging  rate  as  a  function  of  time,  and  the  right 


10  MHz  Reference 


Figure  1 .  Maser  Aging  Rate  Measurement  System. 
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vertical  axis  shows  the  inverted  barometric  pressure  ver¬ 
sus  time.  The  inverted  barometric  pressure  curves  were 
generated  by  subtracting  the  value  of  the  barometric 
pressure,  as  measured  in  inches  of  mercury,  from  30.  The 
horizontal  axis  of  each  curve  shows  the  time  in  hours  or 
days. 

As  can  be  seen  in  Figures  2  through  8,  a  strong  in¬ 
verse  relationship  between  changes  in  the  barometric 
pressure  and  changes  in  maser  aging  rate  exists,  meaning 
a  decrease  in  the  pressure  induces  a  positive  increase  in 
the  maser  aging  rate  and  vice '  ersa.  The  similarity  of  the 
curves  in  each  figure  is  an  indication  of  the  strength  and 
linearity  of  the  barometer-aging  rate  relationship.  Figure 
5  demonstrates  the  ability  of  the  barometric  pressure  to 
control  the  maser  aging  rate  for  periods  as  long  as  2 
weeks. 

Figures  2  and  3  show  the  unprocessed  data  recorded 
at  5-minute  intervals  during  23  and  26  October  1990. 
The  curves  are  presented  to  demonstrate  that  the  aging 
rate  responds  instantaneously  to  an  increase  or  decrease 
in  the  barometric  pressure.  ITiere  is  no  time  lag  in  the  re¬ 
sponse  by  the  maser  to  changes  in  barometric  pressure 
because  pressure  changes  alter  the  amount  of  compres¬ 
sion  exerted  on  the  resonant  cavity.  A  change  in  com¬ 
pression  affects  the  resonant  frequency  of  the  cavity, 
which  in  turn  changes  the  maser’s  output  frequency. 

Figure  4  demonstrates  that  maser  aging  rate  equally 
tracks  both  increases  and  decreases  in  the  barometric 
pressure;  that  is,  the  magnitude  of  the  positive  or  nega¬ 
tive  change  in  aging  rate  is  equal  for  a  fixed  size  increase 
or  decrease  in  the  barometric  pressure  A  crystal  oscilla¬ 
tor,  in  contrast,  will  typically  demonstrate  an  asymmetry 
in  the  magnitude  of  the  induced  frequency  offset  in  re¬ 
sponse  to  an  equal  magnitude  increase  or  decrease  in 
barometric  pressure. 

Figures  5  and  6  clearly  illustrate  the  most  significant 
characteristic  of  the  influence  of  barometric  pressure  on 
hydrogen  maser  performance.  Both  figures  demonstrate 
that  pressure  increases  can  induce  an  aging  rate  as  large 
as  1  part  in  10"'^ .  In  a  laboratory  environment,  when  the 
barometric  pressure  is  reasonably  ’onstant,  the  typical 
maser  aging  rate  is  a  few  parts  in  10'  A  strong  weather 
front  can  temporarily  degrade  maser  performance  by 
more  than  an  order  of  magnitude. 

Figures  9  and  10  present  the  humidity  and  maser 
aging  rate  as  functions  of  time  for  the  period  considered 
in  Figures  5  and  7  and  show  that  humidity  is  not  the 
source  of  the  phenomena  demonstrated  in  this  work. 
There  is  some  similarity  between  the  humidity  and  aging 
rate  curves  in  Figures  9  and  10,  but  it  is  much  weaker 
than  the  correlation  between  the  barometric  pressure  and 
the  aging  rate  for  the  same  time  period  (see  Figures  5  and 
7);  there  is  also  a  24-hour  delay  between  a  change  in  hu¬ 
midity  and  the  change  in  the  aging  rate  that  may  have 
been  induced  by  the  humidity  change.  Figures  9  and  10 
are  typical  of  ihe  many  plots  generated  during  the  past  12 
months. 


Since  the  barometric  pressure  often  exerts  some  con¬ 
trol  over  the  humidity  (there  was  no  specific  effort  to 
control  the  humidity  in  the  maser  laboratory),  any 
similarities  between  the  aging  rate  and  humidity  curves 
are  more  likely  due  to  the  fact  that  both  variables  are  in¬ 
fluenced  by  the  barometric  pressure.  Because  the  baro- 
meuic  pressure  as  a  function  of  time  shows  a  much 
stronger  correlation  to  the  maser  aging  rate  versus  time, 
and  since  changes  in  pressure  and  aging  rate  occur  nearly 
simultaneously,  it  would  seem  that  pressure  induced  the 
aging  rate  characteristics  seen  in  Figures  5  and  7  and  not 
humidity. 

Discussion 

The  mechanism  by  which  the  barometric  pressure  in¬ 
flue  ces  hydrogen  maser  aging  rate  is  a  mechanical  one. 
The  resonant  frequency  of  the  microwave  cavity  used  by 
the  maser  to  observe  the  hyperfme  transition  is  a  function 
of  the  size  and  shape  of  the  cavity.  A  change  in  the  baro¬ 
metric  pressure  changes  the  compressive  force  exerted 
on  the  cylindrical  resonant  cavity,  which  in  turn  changes 
the  cavity’s  size.  The  resulting  minute  change  in  the  cav¬ 
ity’s  resonant  frequency  will  be  reflected  in  the  5  MHz 
output  by  a  shift  in  maser  aging  rate. 

A  significant  feature  of  the  resonant  cavity’s  design  is 
a  thermally  insulating  quartz  sleeve  within  its  outer  wail. 
The  addition  of  the  quartz  slee  .  e  has  reduced  the  temper¬ 
ature  coefficient  of  the  cavity  by  an  order  of  magnitude 
over  the  same  cavity  design  using  aluminum.  Conse¬ 
quently,  there  was  no  noticeable  correlation  between 
room  temperafuTw  -jid  the  maser  aging  rate;  the  ambient 
temperature  of  the  laboratory  in  which  the  masers  are  be¬ 
ing  operated  has  been  controlled  to  within  ±1.5  *C. 

Conclusion 

Based  on  the  evaluation  of  nearly  a  year’s  worth  of 
data,  it  is  empirically  evident  that  there  is  a  strong  in¬ 
verse  relationship  between  changes  in  the  barometric 
pressure  and  changes  in  hydrogen  maser  aging  rate. 
Barometric  pressure  fluctuations  were  found  to  induce  an 
aging  rate  as  large  as  1  part  in  10“'^  in  hydrogen  masers 
whose  typical  performance  over  the  same  period  is  a  few 
parts  in  ICT'^.  Induced  changes  in  the  maser  aging  rate 
were  found  to  occur  simultaneously  with  the  correspond¬ 
ing  changes  in  ambient  pressure,  and  the  aging  rate  was 
found  to  change  equally  with  both  increasing  and 
decreasing  barometric  pressure.  Barometric  pressure  was 
found  to  impact  maser  aging  rate  for  periods  as  short  as  a 
few  hours  and  as  long  as  2  weeks. 

The  effects  of  barometric  pressure  were  found  to 
mask  the  effects  of  the  temperature  and  humidity.  Sur¬ 
rounding  the  maser’s  microwave  resonant  cavity  with  an 
insulating  quartz  sleeve  prevented  temperature  fluctua¬ 
tions  from  degrading  hydrogen  mas-^r  performance  in  a 
laboratory  in  which  the  ambient  temperature  was  main¬ 
tained  to  23  ±  1.5’C. 
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Figure  2.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (23  October  1990). 
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Figure  4.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (31  March  1990). 


Figure  5.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (25  March  1990). 


Figure  3.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (26  October  1990). 


Figure  6.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (27  February  1991). 


589 


40 


o> 

X 

t/i 

a> 

sz 

o 

c 


3 

</i 

<n 

0) 


0) 

E 

o 

w 

CO 

CD 


o 


Figure  7.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (4  July  1990). 


Figure  9.  Maser  Aging  Rate  and  Relative  Humidity  Versus 
Time  (25  March  1990). 
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Figure  8.  Maser  Aging  Rate  and  Inverse  Barometric  Pres¬ 
sure  Versus  Time  (25  October  1990). 


Figure  10.  Maser  Aging  Rate  and  Relative  Humidity  Versus 
Time  (4  July  1990). 
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ATOMIC  FREQUENCY  STANDARDS  FOR  SATELLITE  RADIONAVIGATION  SYSTEMS 

Y.G. Gouzhva,  A. G, Gevorkyan,  V.V.Korniyenko 

Leningrad  Scientific  Research  Radiotechnical  Institute 
(LSRRI),  2,  Rastrelli  square,  Leningrad,  193124,  USSR 


Abstract;  Data  are  given  concern¬ 
ing  with  the  LSRRI 's  developments  of  ato¬ 
mic  frequency  standards  (AFS)  for  various 
applications,  including  AFS  with  atomic 
beam  tube  (AFS  -  AST),  with  rubidium  gas 
cell  and  with  hydrogen  maser.  The  onboard 
AFS  -  ABT  to  be  intended  for  GLONASS  spa¬ 
ce  vehicles  is  described.  The  possible 
promising  directions  of  international  coo¬ 
peration  in  the  field  of  the  AFS  creation 
are  considered, 

Leningrad  Scientific  Research  Radio- 
technical  Institute  (LSRRI)  of  USSR 
Ministry  of  Radio  Industry  is  conducting 
researches  and  developments  in  the  field 
of  creation  of  different  systems  and  aids 
for  Positioning  and  Timing  Service  (PTS) 
for  more  than  three  decades  of  years,  in¬ 
cluding  PTS*  main  frequency-determining 
devices,  i,e.  atomic  frequency  standards 
(APS),  LSRRI  is  a  leading  organization  in 
designing,  production  and  implementation 
of  a  series  of  PTS  systems  and  aids  on 
different  physical  principles  for  various 
purposes.  Among  those  items,  it  is  neces¬ 
sary,  first  of  all,  to  commend  synchroni¬ 
zation  and  common  time  systems  and  aids 
using  space-based  navigation-timing 
GLONASS  systems,  ground-based  long-range 
pulse-phase  "Chayka"  radionavigation  sys¬ 
tem  and  also  State  System  of  Common  Time 
and  Standard  Frequencies  of  the  USSR, 

This  system  foresees  the  use  of  above  men¬ 
tioned  systems  and  aids,  as  well  as  tele¬ 
vision,  meteor  tails  and  other  aids, 

A  great  number  of  high  qualified  specia¬ 
lists  in  LSRRI 's  staff  including  promi  - 
nent  scientists,  designers,  technologists, 
provides  a  great  scientific  and  technical 
potential  of  the  institute.  Its  realizat¬ 
ion  makes  it  possible,  to  create  on  the 
basis  of  principle  new  technical  solutiois 
the  PTS  systems  and  aids  in  accordance 
with  continuously  growing  user  require¬ 
ments  including  the  signal  generators  with 
corresponding  performances  on  the  basis 
of  AFS,  In  1991,  the  APS  of  all  of  the 
most  frequent  types  being  intended  for  the 
use  in  subsystems  of  different  ground- 
and  space-based  complexes  have  designed, 
developed  and,  as  a  rule,  industrially 


producted.  Those  APS  include: 

-  APS  on  the  basis  of  Cs  atomic  bean 
tube  (APS  -  ABT)  for  GLONASS  space  vehic¬ 
les  and  AFS  -  ABT  for  land  stationary 
equipment  with  frequency  instability  at 
the  level  of  lO-IS  and  long  life  time; 

-  APS  on  the  basis  of  Rb  gas  cell 
(APS  -  RGC)  for  onboard  equipment  of  dif¬ 
ferent  vehicles  with  accuracy  performan¬ 
ces  at  the  level  of  10-1'  functioning 
over  the  wide  temperature  range  in  pre¬ 
sence  of  different  environmental  distur¬ 
bances; 

-  APS  on  the  basis  of  hydrogen  gene¬ 
rator  (APS  -  HG)  for  land  stationary 
equipment. 

The  devices  to  have  been  deve¬ 
loped  used  in  Tsikada  navigation  system, 
KOSPAS  -  SARSAT  system  for  rescuing  those 
who  meet  disaster  and  GLONASS  navigation¬ 
time  system.  The  metrological  performances 
of  APS  to  be  used  .are  over  the  range 
from  1,10-10  to  1,10“”, 


GEM 

Cesium  beam  frequency  standard 
for  on-board  space  equipment 


Specifications 

Output  frequency 
Relative  frequency  accuracy 
over  the  life  time 
Stability,  averaging  time: 

1  s 
100  s 
1  hour 
1  day 

.  _  jha>^vp  nf  1 

quency,  1/°C 
Temperature  rar 
Power  supply. 

Power  consumptJ 
greater  than 
Dimensions,  mm 
Weight,  kg 


5  MHz 


.-11 


+1.10' 

5.10:]] 

1.10 

2,5.193^^ 

5.10 


!  of  fre— 

5i10“^3 

°C 

0, • ,+40 

DC 

27  V 

not 

80  W 

370x450x500 

39,6 

hours 

17500 
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MALACHITE 


Pig.  1  Gem 
BERYL 


Rubidium  cell  frequency  standard 
for  space  vehicles 


Specifications 


Output  frequency 
Frequency  ajustment  step 
Relative  frequency  accuracy 
Stability,  averaging  time: 

1-100  e 

Frequency  drift,  not  grea¬ 
ter  than 

Temperature  range,  °C 
Temperature  change  of 
frequency,  not  greater 
than,  1/°C 

Non-harmonic  distortion 
in  100  kHz  bandwidth C 5 
not  less  than,  dB 
Warm-up -I  (from  25  °C)  up  to 
J-5.10”  ,  min 

Power  supply,  DC 
Power  consumption,  in 
warm-up  (30  min) 
in  operation  mode  at  25°C 
Operational  life,  not  less 
than  hours 
Dimensions,  mm 

Weight,  not  greater  than,  kg 


5  MHz 

(2-3)?i0-^^ 

•  T 

1.10”^  month 

-5. ..+45 


±3.10 


,-12 


95 

30 

23-24  V 

40  W 
20  W 

33,500 

300x268Jt120 

8 


Pig. 2  Beryl 


Cesium  beam  frequency  standard 
for  on-board  space  equipment 


Specifications 


Output  frequency 

5  MHz 

Relative  frequency  accuracy 
over  the  life  time 

+1.10“’"' 

Stability,  averaging  time: 

2.io:j^ 

5.10_  2 

5.10_  ^ 

1.10 

1  8 

100  s 

1  hour 

1  day 

Temperature  change  of  fre¬ 
quency,  1/°C 

2.10"^^ 

Temperature  range,  °C 

0,..+40 

Power  supply: 

27  V 

Power  consumption,  W 

90 

Operational  life,  hours 

28,500 

Dimensions,  mm 

421x414x655 

Weight,  kg 

52 

Cesium  beam  frequency  standard 
for  the  ground  stationary  equipment 

Specifications 


Output  frequency 

5  MHz 

Relative  frequency 

accuracy 

+1.10”^^ 

over  the  life  time 

Reproducibility,  from  turn 

on  to  turn  on,  not 

greater 

2. 10"”' 2 

than 

Stability,  averaging  time: 

•  1  1 

1  s 

1.10- 
1.10-” 
5.10_  2 

2.10_  2 
5.10 

100  8 

1000  s 

1  hour 

1  day 

Temperature  range. 

°C 

+5. . .+40 

Power  supply: 

AC 

220+  22  V, 
50  '^z 

DC 

27  V 

Power  consumption: 

AC 

180  VA 

DC 

110  W 

Dimensions,  mm 

506x413x623 

Weight,  kg 

65 

Life  time,  years 

10 

Pig.  Sapphire 

The  supporting  of  APS  high  maintenance 
performances,  technological  suitability, 
reliability  and  long  operational  life 
isn't  a  trivial  task.  It  is  necessary  to 
have  a  significant  scientific  margin  to 
solve  a  series  cf  tasks  as  follows: 

-  investigation  of  destabilizing  fa¬ 

ctors  influencing  on  APS  mentrological 
performances,  researches  of  monitoring 

and  ^counting  methods  of  those  factors 
in  order  to  exclude  its  influence  over 
the  specified  limits  for  different  types 
of  APS  in  operating  conditions  taking  into 
account  temperature,  vibration,  shock  and 
other  disturbances; 

-  development  of  vibration-  and  shock- 
proof  design; 

-  development  of  vacuum  technology 
for  radiospectroscope  production,  method 
of  filling  and  frequency  ajustment  of  gas 
cells  and  manufacturing  of  spectral  lamps. 

The  most  accurate  state-of-the  art  sa¬ 
tellite  system  is  GLONASS  navigation  sys¬ 
tem  which  obviously  demonstrates  LSRRI's 
achievments  in  the  field  of  APS  develop¬ 
ment.  The  basis  of  system  frequency-time 
support  is  the  synchronization  system  cor» 
prising  the  main  synchronizer,  onboard  sa^ 
tellite  frequency  and  time  standard,  fa¬ 
cilities  for  satellite  orbit  monitoring 
and  software  for  prediction  on  onboard 
clock  rate.  The  latest  achievment  in  the 


field  of  APS  development  for  the  space 
equipment  is  an  APS  -  AST  with  the  daily 
instability  of~10“13,  Por  the  main  syn¬ 
chronizer,  one  uses  APS  -  ABT  with  the  in¬ 
stability  of  ~2.10”'3  over  1  day  and  APS- 
HG  with  daily  instability 

The  further  improvement  of  radiosystansi 
particularly  GLONASS,  means  the  develop¬ 
ment  of  onboard  space  APS  with  frequency 
instability  4  5.10-14,  The  researches  are 
being  performed  in  two  fields: 

1)  development  of  compact  HG  with 

a  regeneration  of  resonator  quality;  the 
daily  instability  of~2.10-''+  is  realized; 

2)  development  of  APS  -  ABT  with  opti¬ 
cal  pumping  of  the  atomic  beam.  The  figure 
of  merit  P  ?  20  and  (  T  )  =5, 10-1 2  . 
.T-1/2  are  achieved  with  beam  pumping 
through  one  laser.  The  predicted  value  are 
P?500  and  (r)  =  2.10-13.  >j-1/2. 


The  improvement  of  performances  is 
realized  on  the  basis  of  utilization  of 
two  lasers'  pumping,  two  photodiodes  for 
detection,  and  increasing  of  photon  col¬ 
lection  angle  and  beam  intensity. 

As  much  as  the  problems  relating  to 
improvements  of  APS  performances  seem  to 
be  solved  by  many  U.S.  companies  and  a^n- 
cies,  it  would  be  advisable,  to  evaluate 
possibilities  and  prospects  of  internat¬ 
ional  cooperation  within  this  field.  On 
our  opinion,  the  most  promising  direct¬ 
ions  of  cooperation  are  as  follows: 

-  as  applied  to  APS  -  ABT  -  scien¬ 
tific  and  technical  cooperation  including; 

a)  joint  researches  and  developments 
for  the  realization  of  onboard  APS  -  for 
space  vehicles  with  daily  frequency  ins¬ 
tability  of  the  order  of  10-14; 

b)  joint  works  on  creation  of  a  met¬ 
rological  APS  -  ABT  with  accuracy  perfor¬ 
mances  at  the  level  of  10-13  for  land 
equipment  functioning  in  real  conditions 
at  user  platforms; 

c) joint  realization  of  predicted  ac¬ 
curacy  performances  of  on-board  APS  -  ABT 
with  optical  (laser)  pumping  of  an  atomic 
beam; 

-  as  applied  to  APS  -  RGC  -  scien¬ 
tific  and  technical  as  well  as  industrial 
cooperation  for  designing  and  industrial 
production  of  miniaturized  APS  -  RGC  with 
accuracy  performances  at  the  level  of 
10-12  -  10“ '3  and  increased  operational 
life; 

-  as  applied  to  APS  -  HG  -  scien¬ 
tific  and  technical  cooperation  on  creat¬ 
ion  of  high  reliable  compact  APS  -  HG 
with  increased  operational  life  and  accu¬ 
racy  performances  at  the  level  of  10-14  - 
10“" 5  for  on-board  GLONASS/GPS  space  ve¬ 
hicles'  equipment  as  well  as  for  space  ve¬ 
hicles  of  a  new  generation. 
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Radio  metric  measurements  are  used  for  determining 
the  trajectory  of  a  spacecraft  and  also  for  scientific 
investigation  of  phenomena  which  affect  wave 
propagation  or  spacecraft  motion.  Both  the  verity  of 
trajectory  determination  and  the  quality  of  radio 
science  depend  largely  on  measurement  accuracy. 
Requirements  imposed  by  tracking  are  identified  for 
the  station  frequency  reference  in  terms  of  timing, 
stability  and  spectral  purity,  requirements  are 
identified  for  the  spacecraft  on-board  oscillator,  and 
requirements  are  identified  for  inter-station  time  and 
frequency  synchronization.  The  functional  form  of 
the  effects  of  clock  epoch  offset,  clock  rate  offset,  and 
clock  instability  on  dopplcr,  range  and  interferometric 
tracking  observables  is  presented.  Examples  are 
given  of  tracking  techniques  which  are  currently 
limited  by  the  performance  of  frequency  standards. 


INTRODUCTION 

The  use  of  highly  stable  frequency  standards  within  the 
NASA  Deep  Space  Network  (DSN)  for  dissemination  of 
timing  and  frequency  has  made  possible  the  precise 
measurement  of  the  propagation  time  of  electromagnetic 
radiation  between  a  ground  antenna  and  a  spacecraft. 
These  measurements  are  the  basis  .'rr  the  doppler  and 
range  observables  which  are  used  i  -r ;  picecraft  tracking. 
Radio  metric  measurements  are  usee  :yr  determining  the 
spacecraft  trajectory  and  also  for  scientific  investigation  of 
phenomena  which  affect  wave  propagation  or  spacecraft 
motion.  Both  the  verity  of  trajectory  determination  and 
the  quality  of  radio  science  depend  largely  on  measurement 
accuracy.  A  number  of  applications  of  spacecraft  U'acking 
measurements  will  be  presented,  along  with  discussions  of 
how  these  measurements  depend  on  frequency  and  timing. 

Observables  which  may  be  extracted  from  the  radio  signal 
emitted  by  a  spacecraft  and  received  at  a  tracking  station 


include  signal  phase,  group  delay,  and  amplitude.  The 
phase  of  the  incoming  carrier  signal  ("doppler")  is 
measured  relative  to  the  phase  of  a  reference  signal 
generated  from  the  station  frequency  standard.  Group  delay 
("range")  is  extracted  by  measuring  the  differential  phase 
between  sidetones  which  have  been  modulated  onto  the 
carrier  signal.  These  measurements  provide  information 
about  the  geometric  delay  between  transmitter  and 
receiver,  and  also  about  propagation  media.  The  signal 
emitted  by  the  spacecraft  may  be  derived  from  the 
spacecraft  on-board  oscillator,  or  the  spacecraft  may 
transpond  a  signal  which  was  transmitted  to  the  spacecraft 
from  the  tracking  antenna.  In  the  former  case, 
interpretation  of  the  observables  depends  on  time  and 
frequency  synchronization  between  the  transmitter  and 
receiver,  while  in  the  latter  case  it  is  the  stability  of  the 
station  frequency  standard  which  is  important 

The  path  of  a  spacecraft  is  determined  by  celestial 
mechanics.  But  any  error  in  initial  conditions,  or  small 
perturbing  forces  acting  on  the  spacecraft,  will  cause  the 
trajectory  to  deviate  from  the  planned  course.  Tracking 
data  are  routinely  collected  to  determine  the  trajectory. 
These  data  are  used  to  plan  midcourse  trajectory  correction 
maneuvers,  to  plan  encounter  sequences  which  include 
instrument  timing  and  pointing,  and  to  reconstruct  the 
spacecraft  orbit  for  analysis  of  science  data.  The  spacecraft 
equations  of  motion  are  integrated  in  an  inertial  coordinate 
system;  tracking  station  coordinates  must  be  known  in 
inertial  space  for  analysis  of  the  tracking  data.  The  DSN 
has  adapted  the  technique  of  radio  interferometry  for  the 
purpose  of  establishing  an  inertial  reference  frame  defined 
by  the  positions  of  the  distant  quasars,  for  measuring  the 
orientation  and  rotation  rate  of  the  Earth  in  inertial  space, 
and  for  measuring  the  baseline  vectors  joining  the  tracking 
stations.  This  technique,  known  as  very-long-baseline 
interferometry  (VLBI),  is  also  used  to  directly  measure 
spacecraft  angular  position. 
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Radio  measurements  also  contain  information  about  media 
through  which  the  signals  pass.  Planetary  encounter 
geometries  arc  often  selected  so  that  the  signal  path  from 
spacecraft  to  Earth  will  be  occulted  by  the  planet's 
atmosphere  and/or  ring  system.  By  carefully  modeling 
and  removing  known  geometric  factors,  details  of  the 
intervening  media  may  be  gleaned  from  their  effects  on  the 
radio  signal.  In  other  cases,  the  motion  of  the  spacecraft 
itself  contains  information  about  the  environment.  The 
mass  of  a  small  body,  or  the  gravity  field  distribution  of  a 
planet,  may  be  determined  from  the  perturbations  induced 
in  the  orbit  of  the  spacecraft.  If  the  radius  is  known  from 
cither  optical  or  occultation  data,  then  this  provides  an 
c.stimate  of  density,  which  is  a  quantity  of  much  interest 
for  understanding  the  evolution  of  the  solar  system.  If  a 
probe  or  balloon  is  placed  in  the  atmosphere  of  a  planet, 
then  wind  speed  and  direction  may  be  directly  determined 
from  observations  of  the  motion  of  the  probe  or  balloon. 

One  of  the  predictions  of  the  general  theory  of  relativity  is 
that  gravitational  radiation  may  be  emitted  and  propagate. 
The  interaction  of  these  waves  with  matter  is  very  weak, 
requiring  extraordinary  sensitivity  for  detection  of  the 
perturbations  these  waves  create  in  the  motion  of  the 
affected  matter.  The  spacecraft  dopplcr  link  functions  as  a 
sensor  which  may  be  used  to  search  for  low  frequency 
gravitational  radiation  in  the  mHz  band. 


CRUISE  NAV 

ORBITER  NAV/ 
GRAVITY  RECOVERY 


Spacecraft  transmit  signals  in  bands  which  have  been 
allocated  for  deep  space  communications.  Currently.  S- 
band  (2.3  GHz)  and  X-band  (8.4  GHz)  arc  used.  The  DSN 
developed  S-band  capability  for  uplinks  and  downlinks  in 
the  1960's.  In  the  mid  1970’s.  spacecraft  were  equipped 
with  dual  frequency  S/X  downlinks.  Signals  at  the  two 
downlink  bands  are  coherent  with  each  other,  derived  from 
the  same  source  (either  the  spacecraft  on-board  oscillator 
or  else  a  signal  uplinked  from  a  tracking  station).  In 
1989,  an  X-band  uplink  capability  was  added.  Both 
Galileo  and  Magellan  may  transmit  coherent  S/X 
downlinks  which  are  derived  from  an  X-band  uplink.  The 
use  of  Ka-band  (32  GHz)  is  planned  for  the  late  1990's. 
The  move  toward  higher  frequencies  is  largely  driven  by 
the  better  telecommunications  performance  which  results, 
but  higher  frequencies  also  improve  the  accuracy  of  radio 
metric  measurements  by  reducing  effects  due  to  charged 
particles  and  by  increasing  the  resolution  through  the  use 
of  shorter  wavelengths.  An  experiment  to  be  flown  by 
the  Cassini  mission  will  incorporate  Ka-band  uplinks  and 
downlinks  to  search  for  low  frequency  gravitational 
radiation. 

The  time  scales  of  interest  for  the  various  measurements 
which  have  been  discussed  are  illustrated  in  Fig.  1 .  The 
information  content  in  observables  used  for  navigation  is 
spread  over  time  scales  from  about  one  minute  up  to 
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Fig.  1.  Time  scales  of  interest  for  navigation  and  radio  science  measurements. 


about  ten  hours  (the  length  of  a  station  pass,  where  the 
spacecraft  is  tracked  from  rise  to  set).  The  higher  order 
components  of  a  planet's  gravity  field  may  perturb 
spacecraft  motion  over  time  scales  as  short  as  a  few 
seconds.  Radio  science  measurements  span  time  scales 
from  just  a  few  hundredths  of  a  second,  for  the  time  for  a 
ray  to  descend  the  height  of  a  Fresnel  zone  in  an 
atmosphere,  to  the  longest  available  round  trip  light  times 
for  a  gravity  wave  search  [Kursinski,  1990]. 

The  next  section  of  the  paper  defines  the  several  modes 
which  are  used  for  spacecraft  tracking,  discusses  their 
typical  applications,  and  describes  how  frequency  and 
timing  affect  the  measurements.  The  third  section 
develops  the  functional  form  of  the  effects  of  clock  epoch 
offset,  clock  rate  offset,  and  frequency  instability  on 
dopplcr,  range,  and  interferometric  tracking  observables. 
Error  budgets  are  presented  so  that  frequency  and  timing 
effects  may  be  contrasted  with  other  measurement  system 
errors.  The  final  section  of  the  paper  presents  examples  of 
tracking  techniques  which  arc  currently  limited  by  the 
performance  of  frequency  standards. 

TRACKING  MODES 

Several  alternative  modes  are  employed  for  tracking 
interplanetary  spacecraft.  In  the  simplest  mode,  known  as 
"I -way",  a  signal  is  derived  from  an  oscillator  on  board 
the  spacecraft  and,  a  one-way  light  time  later,  is  received 
at  a  tracking  station  and  measured  relative  to  the  station’s 
frequency  standard.  Besides  offering  reliability,  due  to  its 
simplicity,  this  mode  offers  a  better  signal-to-noise  ratio 
for  the  reception  of  spacecraft  telemetry  data.  For  a  distant 
spacecraft,  the  phase  noise  of  the  on-board  oscillator  may 
be  less  than  the  phase  noise  of  an  uplinked  carrier,  and, 
further,  a  lower  receiver  system  temperature  results  when 
the  tracking  station  is  configured  for  listen-only 
operations.  The  1-way  mode  is  essential  for  most 
occultation  measurements,  since  no  strain  is  placed  on  the 
spacecraft  receiver's  tracking  loop  and  since  the 
interpretation  of  received  data  is  much  simpler  for  waves 
passing  only  one  direction  through  refractive  media  or 
through  a  diffraction  grating.  But  the  accuracy  of  1-way 
tracking  observables  is  limited  by  the  performance  of  the 
spacecraft  oscillator,  and  hence  this  mode  has  seldom  been 
preferred  for  the  purpose  of  navigation.  Media  errors  are 
reduced  by  about  a  factor  of  two  for  this  mode,  however. 
This  can  offer  some  navigational  advanuigcs,  especially 
for  geometries  where  the  signal  raypath  passes  close  by 
the  sun. 


In  "2-way"  tracking,  a  signal  is  uplinked  from  a  tracking 
antenna,  transponded  by  the  spacecraft,  and  received  back 
at  the  same  station  a  round  trip  light  time  after 
transmission.  This  mode  provides  direct  line-of-sight 
measurements,  namely  range  and  range-rate,  of  the 
spacecraft  state.  The  2-way  mode  is  generally  available 
when  commands  are  being  uplinked  to  the  spacecraft  and 
provides  the  most  accurate  measurements  under  most 
observing  conditions,  due  to  the  inherent  better  stability 
of  the  ground  versus  spacecraft  oscillator.  This  tracking 
mode  is  generally  preferred  navigation,  it  is  preferred 
for  making  gravity  field  measurements,  and  it  is  used  in 
the  search  for  detection  of  low  frequency  gravitational 
radiation.  For  this  case,  the  accuracy  of  tracking  data  is 
ultimately  limited  by  the  stability  of  the  ground  station 
frequency  standard. 

When  a  different  station  is  used  to  receive  the  signal,  than 
was  used  to  supply  the  uplink,  the  tracking  mode  is 
referred  to  as  "3-way".  One  use  of  3-way  tracking  is  to 
provide  coherent  communications  with  spacecraft  so 
distant  that  the  round  trip  light  time  exceeds  the  visibility 
window  of  a  single  Earth-based  station.  The  range  to  the 
most  distant  spacecraft  are  measured  in  this  way.  This 
mode  can  be  used  to  add  redundancy  and  geometric 
diversity  to  a  tracking  schedule,  since  many  stations  may 
be  simultaneously  tracking  in  the  3-way  mode.  Signals 
acquired  at  separate  antennas  may  also  be  combined  by 
arraying  to  boost  the  signal-to-noise  ratio.  This  is  done 
routinely  with  baseband  telemetry  signals.  It  may  also  be 
employed  at  microwave  frequencies  to  improve  the  signal- 
to-noise  ratio  of  occultation  measurements.  To  enable 
microwave  arraying,  the  coherence  time  of  the  frequency 
standards  used  at  each  station  must  be  such  that  their 
relative  phase  wander  by  much  less  than  an  RF  (radio 
frequency)  cycle  over  the  coherent  integration  time. 
Tracking  accuracy  for  this  case  is  limited  by  the 
performance  of  inter-station  time  and  frequency 
synchronization. 

In  interferometric  tracking,  two  ground  stations  are  used  to 
simultaneously  receive  signals  from  one  radio  source. 
The  difference  in  time  of  arrival  of  the  signal  at  the  two 
stations  is  measured.  This  time  delay  measurement, 
coupled  with  knowledge  of  the  baseline  vector  joining  the 
two  antennas,  provides  a  direct  geometric  determination  of 
the  angle  between  the  baseline  vector  and  the  direction  to 
the  radio  source.  Two-dimensional  angular  position  is 
determined  by  making  measurements  along  two  baselines 
with  substantially  different  orientations.  The  DSN  makes 
VLBI  measurements  using  the  baseline  between  the 
Goldstone  (California)  and  Madrid  (Spain)  complexes,  and 
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using  the  baseline  between  the  Goldstone  and  Canberra 
(Australia)  complexes. 

Sessions  involving  many  (20  to  200)  observations  are 
used  to  determine  the  parameters  which  define  the  origin 
and  orientation  of  the  coordinate  system.  Such  parameters 
are  referred  to  as  platform  parameters.  Station  and  quasar 
coordinates  are  estimated  by  combining  data  from  multiple 
sessions  spanning  up  to  15  years.  The  variation  in  Earth 
orientation  is  typically  measured  using  data  from  just  one 
or  two  sessions,  spaced  close  together  in  time.  Inter¬ 
station  time  and  frequency  synchronization  is  also 
provided  by  tliese  measurements. 

For  a  single  observation  of  spacecraft  lime  delay  to  be 
meaningful,  the  interferometer  must  be  calibrated.  For 
this  purpose,  the  DSN  has  developed  the  technique  of 
AVLBI.  A  natural  radio  source  (quasar)  is  observed  either 
just  before  or  just  after  the  spacecraft.  The  AVLBI 
observable  is  the  spacecraft  time  delay  minus  the  quasar 
time  delay.  This  provides  spacecraft  angular  position  in 
the  radio  reference  frame  defined  by  the  quasars.  The 
quasar  measurement  provides  calibration  for  time  and 
frequency  offsets  between  stations,  it  provides  calibration 
for  instrumental  phase  shifts  and  group  delays,  and  it  also 
provides  reduction  in  errors  due  to  uncertainties  in  media 
delays  and  platform  parameters  by  an  amount  which 
depends  on  the  angular  separation  between  the  spacecraft 
and  the  quasar. 

When  spacecraft  arc  sufficiently  close  in  angle  that  they 
may  be  observed  in  the  same  bcamwidih  of  an  Earth-based 
antenna,  differential  VLBI  measurements  may  be  made 
between  sources  which  are  simultaneously  observed 
[Counsclman  et  ai,  1972;  Border  el  ai,  1991].  This 
technique  is  referred  to  as  same-beam  interferometry  (SBI). 
For  example,  all  spacecraft  on  the  surface  of  Mars  and  all 
spacecraft  within  arcosynchronous  orbit  could  be  observed 
simultaneously  at  X-band  frequencies  in  the  same  beam  of 
an  Earth-based  antenna  with  34  meter  diameter.  The  SBI 
observable  provides  an  extremely  precise  measurement  of 
the  planc-of-sky  separation  between  spacecraft,  due  to 
almost  complete  error  cancellation. 


Navigation 

Linc-of-sighi  components  of  spacecraft  suite  arc  directly 
observed  by  2-way  tracking,  while  planc-of-sky 
components  of  spacecraft  stale  arc  directly  observed  by 
interferometric  uacking.  Generally,  a  spacecraft  trajectory 
is  estimated  by  combining  various  mcasurcmctiLs  collected 
over  an  arc,  ranging  from  a  few  hours  for  a  short  period 


planeutry  orbitcr,  up  to  many  months  for  a  spacecraft  in 
interplanetary  cruise. 

During  cruise,  the  diurnal  rotation  of  the  Earth  imposes  a 
sinusoidal  variation  on  doppler  data  received  at  a  tracking 
station  from  a  distant  spacecraft.  The  phase  and  amplitude 
of  the  sinusoidal  variation  depend  on  the  spacecraft's  right 
ascension  and  declination,  respectively.  A  single  pass  of 
doppler,  spanning  a  sizable  fraction  of  a  full  24  hour 
period,  thus  provides  some  information  about  angular 
position  [Melbourne,  1976].  A  longer  arc  of  range  and 
doppler  observes  the  full  state  of  the  spacecraft,  through 
sensing  the  effect  of  the  solar  gravitational  acceleration  on 
the  spacecraft  [Curkendall  and  McReynolds,  1%9].  These 
measurements  also  begin  to  sweep  out  the  state  space  as 
the  orbital  motions  of  the  Earth  and  spacecraft  change  the 
geometry.  However,  these  measurements  are  largely 
insensitive  to  declination  for  spacecraft  declinations  near 
zero,  and  trajectory  determination  using  long  arcs  of  range 
and  doppler  depends  on  dynamic  modeling.  Solution 
accuracy  can  be  substantially  degraded  by  mismodcling  of 
non-gravimtional  accelerations  [Ondrasik  and  Rourkc, 
1971]. 

Interferometric  measurements  naturally  complement  range 
and  doppler.  Angular  coordinates  may  be  determined  more 
accurately  by  a  factor  of  ten  or  more  [Melbourne  and 
Curkendall,  1977;  Border  et  al.,  1982].  Inclusion  of 
interferometric  measurements  greatly  reduces  sensitivity  of 
the  orbit  determination  process  to  mismodeled 
accelerations,  since  angular  components  are  directly 
measured.  Also,  interferometric  measurements  are 
sensitive  to  angular  coordinates  over  the  full  range  of 
spacecraft  declinations. 

For  a  planetary  orbiter,  the  motion  of  the  spacecraft  about 
the  planet  induces  a  strong  signature  in  the  doppler 
received  at  Earth.  The  planet-relative  position  of  the 
spacecraft  may  be  recovered  from  analysis  of  this  signature 
over  one  or  more  revolutions.  The  orientation  of  the  orbit 
plane  about  the  line  of  sight  from  the  Earth  to  the  planet 
is  the  least  well  determined  component  of  state.  This 
component  may  be  directly  observed  by  interferometric 
delay  rate  measurements  [Poole  et  al.,  1980].  When  two 
orbiters  are  observed  simultaneously,  the  inclusion  of 
same-beam  interferometric  measurements  dramatically 
improves  orbit  accuracy  for  both  spacecraft,  by  precisely 
observing  components  of  spacecraft  state  which  are 
complementary  to  the  component  directly  observed  by 
doppler  [Folkncr  and  Border,  1990]. 
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Radio  Science 

Radio  signals  can  be  used  to  investigate  planetary 
atmospheres.  An  atmosphere  acts  as  a  lens,  bending  and 
inducing  phase  shifts  in  signals  passing  through.  The 
phase  shift  due  to  an  atmosphere  can  be  computed  from 
the  measured  total  phase  by  subtracting  a  model  of  what 
the  phase  would  have  been  if  no  atmosphere  were  present. 
The  model  depends  on  a  precise  reconstruction  of  the 
occultation  geometry.  The  atmospheric  phase  shift  is 
used  to  recover  temperature  and  pressure  profiles  through 
modeling  of  atmospheric  layers  [Fjeldbo  e<  a/.,  1971 ). 

An  occultation  by  a  tenuous  atmosphere  might  last  only 
ten  seconds,  and  produce  a  total  phase  shift  of  a  few  tenths 
of  a  cycle  at  X-band,  whereas  an  occultation  by  a  large 
outer  planet  can  last  more  than  1000  seconds  producing  a 
phase  shift  of  more  than  one  million  X-band  cycles. 
These  measurements  are  normally  done  in  the  1-way 
mode.  Instability  of  the  spacecraft  on-board  oscillator 
directly  contributes  an  error.  This  is  especially  important 
for  tenuous  atmospheres,  where  the  total  phase  shift  is 
small.  Multipath  signals  are  generated  when  the  signal 
path  approaches  and  crosses  an  atmospheric  layer  with  a 
much  higher  refractive  index  than  neighboring  layers. 
Microwave  arraying  can  significantly  improve  occultation 
measurements  for  which  there  is  a  high  level  of  signal 


Fig.  2.  Vertical  temperature  vs  pressure  profile  for 
atmosphere  of  Uranus  recovered  from  Voyager  2  radio 
occultation  measurements.  (Figure  from  [Lindal  ef 
a/.,  1987].) 


attenuation  due,  for  example,  to  a  microwave  absorbing 
ammonia  layer  within  an  atmosphere. 

Fig.  2  shows  the  temperature  and  pressure  profile 
recovered  from  the  Voyager  2  occultation  by  Uranus. 
Two  curves  are  shown;  the  ingress  curve  is  derived  from 
measurements  as  the  spacecraft  entered  into  occultation 
and  the  egress  curve  is  derived  from  measurements  as  the 
spacecraft  exited  out  of  occultation.  Note  that  the  error 
bars  are  much  larger  near  the  top  of  the  figure,  which 
corresponds  to  the  top  of  the  atmosphere  where  the 
propagation  effects  are  smallest.  Improved  stability  of  the 
spacecraft  on-board  oscillator  would  provide  more  accurate 
determination  of  these  parameters  [Kursinski,  1990]. 

Radio  signals  are  also  used  to  investigate  planetary  ring 
systems.  When  an  incident  wave  strikes  a  slab  of  ring 
material,  two  signals  emerge  [Tyler  et  al.,  1983].  The 
coherent  signal  is  shifted  in  phase  and  reduced  in 
amplitude  by  an  amount  which  depends  on  the  optical 
depth  at  the  microwave  frequency  of  the  signal.  An 
incoherent  scattered  signal  is  also  transmitted. 

The  rings  act  as  a  diffraction  grating.  If  T(p)  is  the 
complex  transmittance  of  the  rings  at  radial  distance  p, 
then  a  simplified  expression  for  the  measured 
uansmittance  is  given  by  [Marouf  er  al.,  1986] 

T(po)  = 

where  F  is  the  Fresnel  scale  (square  root  of  product  of 
wavelength  times  distance  from  spacecraft  to  ring  plane) 
and  po  is  the  radial  distance  in  the  ring  plane  where  the 
direct  signal  passes.  Since  the  signal  is  coherent, 
allowing  both  the  amplitude  and  phase  of  T(po)  to  be 
recovered,  this  diffraction  integral  can  be  inverted  to  solve 
forT(p). 

T(p)  =  T(po)  dpo 

The  diffraction  limited  transmittance  T  is  measured  over  a 
range  of  values  of  po,  as  spacecraft  motion  changes  the 
geometry.  The  coherence  time  of  the  oscillator  limits  the 
region  over  which  the  integral  may  be  inverted,  and  in  fact 
determines  whether  inversion  is  even  possible.  This,  in 
turn,  limits  the  radial  resolution  which  is  obtained  for  ring 
opacity.  Fig.  3  shows  an  example  of  observed  opacity 
from  the  Voyager  1  encounter  with  Saturn.  The  true 
opacity,  derived  from  inverting  the  diffraction  integral, 
clearly  shows  the  presence  of  the  narrow  F  Ring. 
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Fig.  3.  Opacity,  observed  and  with  diffraction  removed,  for  region  of  Saturn  ring  plane  near  the  F  Ring. 
Data  obtained  from  Voyager  1  flyby.  (Figure  from  [Tyler  et  al.,  1983].) 


OBSERVABLE  ERROR-BUDGETS 

Observables  are  affected  by  frequency  and  timing  directly, 
through  the  contribution  of  any  phase  errors  on  the 
reference  signals  which  arc  used  to  drive  the  transmitter 
and  receiver.  Since  modeling  must  be  used  to  extract 
either  navigation  or  radio  science  parameters  from  the 
measured  signal,  frequency  and  timing  indirectly  affect 
observables  through  geometric  dependence  of  the  models 
on  observable  time-tags.  Expressions  arc  given  here  for 
the  functional  form  of  clock  epoch  offset,  clock  rate 
offset,  and  frequency  instability  on  dopplcr,  range,  and 
VLBI  observables.  Error  budgets  are  shown  so  that 
frequency  and  timing  effects  may  be  compared  with  other 
sources  of  measurement  error.  First,  models  must  be 
given  for  observables. 

A  2-way  range  observable  He  is  a  measure  of  round  trip 
light  time,  as  recorded  by  the  station  clock. 

He  =  ST(tk)  -  ST(tic  -  RTLT), 

where  RTLT  is  the  round  trip  light  time  (sec)  and  ST(t|c) 
is  the  time  (sec)  as  kept  by  the  station  clock  at  true  lime 
tfc.  A  2-way  doppler  measurement  d^  is  defined  in  terms 
of  differenced  range,  by  the  expression 


where  Tc  =  tk+1  -  tk  is  the  doppler  count  time.  The 
doppler  observable  is  a  more  precise  measure  of  range 
change  than  would  be  obtained  by  literally  differencing 
range  observables,  since  doppler  is  extracted  from  RF 
carrier  phase  measurements,  while  range  is  extracted  from 
side  tone  modulations  with  a  bandwidth  of  a  few 
megaHertz.  But  frequency  and  timing  affect  doppler  and 
differenced  range  in  the  same  way.  A  range  measurement 
is  modeled  as 

He  =  At(lk)  +  PR(lk)  -  At(tk  -  RTLT)  +  Ck,  (1) 

where  At  is  the  station  clock  error,  pR  is  the  round  trip 
range,  and  6k  is  the  measurement  noise. 


Clock  Epoch  and  Rate  Offset: _ Range 

A  constant  epoch  offset  8t  (sec)  of  station  clock  time  with 
respect  to  true  time  has  no  direct  effect,  since  clock  time 
errors  enter  cq.  (1)  with  the  opposite  sign  at  the  times  of 
transmission  and  reception.  A  rate  offset  5t  (sec/sec) 
directly  affects  the  measurement  by  the  amount  of  clock 
drift  over  the  round  trip  light  time.  The  range  error  due  to 
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clock  epoch  and  rale  offset,  obtained  by  taking  partial 
derivatives  of  eq.  (1),  is 

8rk  =  -PR(tk)(5l)  +  RTLT(5i)  . 

The  epoch  offset  affects  the  measurement  through 
geometric  dependence  of  the  range  on  the  lime  of  signal 
reception. 

The  model  for  1-way  range  is  written  as 

ri.k  =  AtsTN(tk)  +  Pl(tk)  -  AlscOk  -  OWLT)  +  ek , 

where  AtgxN  is  the  station  clock  error,  Atsc  is  the 
spacecraft  clock  error,  p  1  is  the  1-way  range,  and  OWLT 
is  the  one  way  light  time.  The  model  for  3-way  range  is 
written  as 

n.k  =  AtRcVR(tk)  +  PR(tk)  -  AtjRANftk  -  RTLT)  +  Ek  , 

where  AIrcvr  is  the  downlink  station  clock  error  and 
AtTRAN  is  the  uplink  station  clock  error.  Clock  epoch 
and  rate  offset  errors  in  I -way  range,  3- way  range,  and  2- 
way  minus  3-way  range  are  given,  respectively,  by  the 
following  three  expressions; 

Sri.k  =  -Pl(tk)  (StsTN)  +  StsTN-SC. 

8r3,k  =  -  fil(tk)  (StRCVR)  +  8IRCVR-TRAN. 

5r2-3,k  =  -pR,STNl(tk)(5tSTNl)+PR,STN2(tk)(5tSTN2) 
+  RTLT  (S’tsTNl)  -  5tsTN2-STNl- 

Clock  synchronization  dominates  the  error  budgets  for  all 
range  data  types  other  than  2-way  range.  For  1  -way  range 
the  synchronization  between  spacecraft  and  station  is 
important:  for  3-way  range  the  synchronization  between 
the  uplink  and  downlink  stations  is  important;  for  the 
interferometric  data  type  obtained  by  differencing  2-way 
and  3-way  range  the  synchronization  between  the  two 
downlink  stations  is  important.  The  utility  of  1-way 
range  for  deep  space  tracking  is  limited,  since  it  is 
generally  impossible  to  know  the  clock  synchronization 
to  better  than  the  level  for  which  the  range  can  be 
determined  by  other  means.  However,  1-way  doppler  is 
useful  in  some  situations  due  to  its  high  precision.  For 
planetary  orbiters,  where  the  dynamics  provide  .some  data 
strength  to  estimate  a  range-rate  bias,  1-way  doppler  can 
be  competitive  with  2-way  doppler. 


Clock  Epoch  and  Rate  Offset:  VLBl 

Typically,  a  AVLBI  measurement  consists  of  an 
observation  of  a  spacecraft,  followed  by  an  observation  of 
a  quasar,  followed  by  another  observation  of  the 
spacecraft.  The  direct  effects  of  clock  epoch  and  rate 
synchronization  between  stations  are  eliminated  by 
differencing  delays  between  sources  and  by  interpolation. 
Timing  effects  cause  indirect  errors  through  geometric 
model  dependence.  The  error  in  a  AVLBI  measurement 
due  to  an  uncalibrated  station  insinimenial  group  delay  of 
Ti  and  due  to  an  uncalibrated  clock  synchronization  error  of 
8lSTN2-STNl  is  given  by  [Border  c/ o/.,  1991] 

EAVLBl  =  [Api.SRCl(0  -  Api,SRC2(0]  + 
[Pl,SRCl(0  -  Pl,SRC2(0]  StsTN2-STNl  (2) 

where  pi  is  the  1-way  range-rate  from  the  radio  source  to 
station  1  and  Api  is  the  station-differenced  1-way  range- 
rate  (i.e.  interferomeuic  delay  rate).  The  spacecraft  is 
referred  to  as  "SRCl",  while  "SRC2''  denotes  either  the 
quasar  or,  for  the  case  of  same-beam  interferometry,  a 
second  spacecraft.  Even  though  quasar  observations 
provide  a  sub-nanosecond  precision  determination  of  the 
sum  of  instrumental  group  delays  and  station  clock 
offsets,  additional  calibrations  are  required  to  provide 
separate  estimates  of  each.  The  first  term  in  eq.  (2)  is 
generally  small  for  the  case  of  radio  sources  with  small 
angular  separations.  But,  for  same-beam  interferomeuy 
involving  planetary  orbiters,  the  second  term  in  eq.  (2)  can 
become  large  if  the  two  spacecraft  arc  in  substantially 
different  orbits. 


frequency Jnstabllity; _ Doppler  and  Range 

For  a  2-way  doppler  measurement  there  are  two  lime 
scales  involved:  the  averaging  interval  (tk+t  -  tk)  over 
which  the  measurement  is  made  and  the  round  trip  light 
time  (RTLT).  Suppose  RTLT  =  M(tk+i  -  tk).  and  let  x  = 
lk+1  ■  Ik-  Then,  if  (l)(tk)  is  the  station  reference  signal 
error  (sec)  at  lime  tk.  the  resulting  error  in  the  doppler 
observable  at  time  tk  is  given  by 

Edk  =  Yk  -  Yk-M  . 

where  the  fractional  frequency  deviation  is  defined  by  Yk 
=  [4>(tkH-i)  -  <t>(tk)]/T  •  The  expected  value  of  the  squared 
error  is  given  by  a  general  form  of  the  Allan  variance 
(Barnes  eta/.,  1971], 

<  Edk^  >  =  2  cry2(2,Mx,T)  . 
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Usually,  the  importani  quaniiiy  in  navigation  and  radio 
science  is  how  an  error  changes  over  a  data  arc.  If  Crk  = 
<t>(tk)  ■  <!>(tk  -  RTL.T)  is  the  error  in  a  range  measurement, 
then  the  error  in  the  difference  of  two  range  measurements 
separated  by  Li  is  given  by 

Er.k+L-erk  =  l<t>(tk+L)-<t>(lk+L-RTLT)l  -  [(l)(tk)-(t)(lk-R'rLT)] 

There  are  again  two  time  scales  involved;  the  time 
separation  between  the  range  measurements  and  the  round 
trip  light  time.  The  expected  value  of  the  squared  error  is 
given  by 

<  (  Er.k+L  -  Erk  )^  >  =  2  Oy2(2,Mx.'C)  , 

where  t  =  RTLT  and  Ml  =  tk+L'Ik  if  Ik+L'lk  -  RTLT, 
or  X  =  Ik+L'tk  and  Mx  =  RTLT  if  tk+L-Ik  ^  RTLT. 

Both  range  difference  and  doppicr  errors  are  related  to  the 
general  form  of  the  Allan  variance,  ay^(2,Mx,x).  This 
form  may  be  approximated  in  terms  of  the  regular  form  of 
the  Allan  variance  by  successive  segmentation  [Wu, 
1980], 

2  Oy2(2,T,x)  =  2  ay2(T)  +  CTy2(T/2)  +  ...  +  ay^Vl^), 

where  the  number  N  of  segmentations  is  defined  by 
T/2(N+1)  <  X  <  T/2’^  .  This  expression  is  convenient 
for  calculations,  since  Allan  variance  measurements  of 
frequency  standard  fluctuations  (and  other  stochastic  error 
sources)  are  often  available. 


Frequency  InsfabUitv: _ XLlil 

The  error  in  a  AVLBI  observable  due  to  instability  of  the 
station  frequency  standards  is  estimated  by 

^AVLBI  =  ay(T)  , 

where  T  is  the  elapsed  time  over  which  the  measurement 
is  made  and  ay(T)  is  the  root  square  sum  of  the  Allan 
standard  deviations  of  the  frequency  standards  at  the  two 
stations.  Same-beam  interferometric  measurements  are 
not  affected  by  instability  of  the  receiver  frequency 
standards,  since  these  effects  cancel  perfectly  when 
differencing  simultaneous  measurements. 


Error  Budget: _ Bupplec 

Clock  epoch  and  rate  offsets  produce  systematic  errors  in 
spacecraft  tracking  observables,  while  frequency  instability 


causes  a  random  error.  To  put  frequency  and  timing  errors 
into  perspective,  it  is  necessary  to  look  at  complete 
measurement  error  budgets.  Systematic  errors  are  caused 
by  uncertainty  in  tracking  station  locations,  by 
uncertainly  in  the  orientation  of  the  Earth  in  inertial 
space,  and  by  uncertainty  in  the  static  tropospheric  delay. 
These  errors  arc  described  by  multiplying  the  parameter 
uncertainty  times  a  geometric  mapping  function.  Random 
errors  are  caused  by  fluctuating  tropospheric  delay,  by 
fluctuating  ionospheric  delay  after  removal  of  a  nominal 
calibration,  and  by  solar  plasma  fluctuatioi  s.  These  errors 
may  be  characterized  by  a  power  spectral  density  function 
in  the  frequency  domain,  or  by  an  Allan  variance  ic  the 
lime  domain,  or  by  a  temporal  or  spatial  structure 
function.  Thermal  noise,  which  depends  on  the  ratio  of 
signal  power  to  system  noise  power,  contributes  white 
phase  noise  to  each  measurement.  Instrumentation  can 
also  contribute  significant  errors  to  tracking  observables. 
Instrumental  effects  are  generally  treated  in  the  same  way 
as  frequency  and  timing  effects. 

Error  budget  assumptions  used  in  this  analysis  are 
summarized  in  Table  1.  These  assumptions  are  based  on 
state-of-the-art  media  calibrations  and  platform  parameter 
determinations.  The  1  )isec  clock  epoch  offset  which  is 


Table  1.  Error  budget  assumptions. 


Thermal  noise 

0.04  cm  (carrier  phase) 

Instrument  bias 

500  cm  (range) 

Station  locations  and 
Earth  orientation 

3  cm  per  component 

Troposphere 

0.5  cm  zenith  bias 

0.5  cm  line-of-sight  fluctuation 

Ionosphere 

3  cm  cal  accuracy  at  X-band 

0.2  cm  at  Ka-band 
eliminated  by  dual  frequency 

Solar  plasma 

300  cm  total,  32  cm  drifl/8  hr  at 
90’  SEP,  X-band 

8  cm  total,  1  cm  drift/8  hr  at 

180'  SEP,  Ka-band 
eliminated  by  dual  frequency 

Clock  epoch 
rate 

stability 

1  psec 

10- '3 

10''^  at  1000  sec 
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assumed  represents  the  offset  between  the  observable  time- 
tags  and  true  lime.  The  effect  of  frequency  instability  is 
estimated  from  an  Allan  variance  curve,  rather  than  from 
the  single  representative  specification  given  in  the  table. 
Fig.  4  is  a  plot  of  the  Allan  standard  deviations  of  current 
and  proposed  frequency  standards  that  are  used  in  spacecraft 
and  at  the  deep  space  tracking  stations.  The  curve  labeled 
"H2  Maser  -  1991"  is  an  estimate  of  the  current 
performance  of  the  hydrogen  masers  in  use  at  the  DSN 
ground  stations.  Improvements  to  the  hydrogen  masers 
have  been  proposed  to  support  the  Cassini  gravity  wave 
experiment  in  1998  [Riley  et  ai,  1990];  the  expected 
performance  after  the  improvements  are  in  place  is  given 
by  the  curve  labeled  "H2  Maser  -  1998".  The  stability  of 
the  Mars  Observer  flight  oscillator,  which  is  referred  to  as 
an  ultra-stable  oscillator  (USO),  is  also  shown.  The  final 
curve  shows  the  estimated  performance  of  a  proposed 
flight  oscillator  which  consists  of  a  crystal  that  is 
frequency  locked  to  a  linear  trapped  ion  resonator  (LIT). 


Fig.  4.  Allan  standard  deviations  of  selected 
frequency  standards,  current  and  proposed,  used  on¬ 
board  spacecraft  and  at  deep  space  tracking  stations. 

The  components  of  the  dopplcr  measurement  error  budget 
are  shown  in  Fig.  5  for  a  spacecraft  in  interplanetary 
cruise  at  a  distance  of  5  AU  (5000  sec  RTLT).  Errors, 
expressed  in  units  of  range,  are  shown  as  a  function  of 
time  past  the  beginning  of  a  tracking  pass.  For  the  effects 
of  frequency  and  timing,  the  accumulated  errors  past  the 
beginning  of  the  pass  are  shown;  the  doppler  observable  is 
not  sensitive  to  an  initial  phase  bias.  The  curve  labeled 
"clock  epoch"  shows  the  effect  of  an  offset  in  the 
observable  time-tags.  The  curve  labeled  "frequency 


stability"  applies  to  2-way  observables,  and  is  based  on 
the  current  stability  of  the  DSN  hydrogen  masers.  For  1- 
way  observables,  the  effect  of  frequency  instability  is 
dominated  by  the  spacecraft  oscillator.  The  curves  labeled 
"Mars  Observer  USO"  and  "SC  w/  LIT"  give  estimates, 
respectively,  of  the  errors  for  the  Mars  Observer  flight 
oscillator  and  for  the  proposed  linear  ion  uap  flight 
oscillator. 


Fig.  5.  Measurement  error  budget  for  the  spacecraft 
to  ground  station  doppler  link.  The  effects  of 
frequency  instability  are  shown  for  both  1-way  and  2- 
way  observables.  Charged  particle  effects  are  not 
shown. 


The  euects  of  uncertainty  in  station  coordinates  and  static 
tropospheric  delay  appear  quite  systematic,  and  are  about 
an  order  of  magnitude  larger  than  effects  due  to  frequency 
and  timing  for  2-way  observables.  For  navigation 
purposes  these  signatures  are  significant,  since  it  is 
generally  not  possible  to  separate  errors  of  this  form  from 
errors  in  spacecraft  state.  So  media  and  platform  effects 
dominate  the  2-way  doppler  navigation  error  budget.  For 
1-way  doppler  using  a  spacecraft  oscillator  comparable  to 
the  Mars  Observer  flight  unit,  the  error  budget  js 
completely  dominated  by  spacecraft  oscillator  instability. 
Errors  grow  to  the  meter  level  within  one  hour.  But  if  an 
oscillator  is  used  which  is  comparable  to  the  proposed 
linear  ion  trap  flight  unit,  then  1-way  tracking  becomes 
very  competitive  with  2-way  tracking  for  the  purpose  of 
navigation. 

The  error  due  to  clock  epoch  offset  is  more  significant  for 
a  planetary  orbitcr.  This  error  ij  a  function  of  the  range- 
rate,  which  can  be  much  more  variable  for  an  orbiter  than 
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for  a  spacecraft  in  cruise.  If  only  one  tracking  station 
were  involved,  then  a  clock  offset  could  be  absorbed  into 
the  spacecraft  state.  But,  typically,  orbits  arc  determined 
by  combining  data  from  several  tracking  passes  at  different 
stations.  For  the  Magellan  orbit,  an  epoch  offset  between 
stations  of  just  one  p.scc  will  introduce  cm  level  residuals 
in  the  doppler. 

For  radio  science  purposes,  systematic  effects  due  to 
platform  and  static  media  errors  can  usually  be  filtered  out, 
so  that  frequency  and  timing  effects  become  much  more 
imponaat.  The  2-way  mode  provides  the  most  accurate 
measurements.  Frequency  and  timing  effects  should  be 
compared  with  fluctuations  in  media  delays. 

Charged  particle  effects  are  not  shown  in  Fig.  5.  For 
tracking  at  X-band  only,  ionospheric  and  solar  plasma 
errors  completely  dominate  the  2-way  doppler  error  budget 
(sec  Table  1).  But  for  tracking  at  Ka-band,  the  effects  of 
charged  particles  are  comparable  to  the  other  error  sources 
plotted  in  Fig.  5.  For  dual  frequency  X/Ka  downlinks, 
charged  particle  errors  arc  reduced  further,  while  they  arc 
virtually  eliminated  for  dual  frequency  X/Ka  uplinks  and 
downlinks. 


Error  Budget:  VLBI 

The  error  budget  for  spacecraft-quasar  AVLBI 
measurements  is  shown  in  Fig.  6.  The  current 
operational  system,  which  uses  an  instantaneous 
bandwidth  of  250  KHz,  is  limited  in  accuraev  by  system 
noise  on  the  quasar  measurements.  Assuming  media  and 
platform  calibrations  as  in  Table  1,  the  expected 
measurement  accuracy  is  7  cm.  This  corresponds  to  about 
10  nrad  angular  position  accuracy  using  the  DSN 
intercontinental  baselines.  More  sensitive 
instrumentation  could  improve  accuracy  to  the  1  cm  level 
[Treuhaft,  1988].  The  quasar  observations  reduce  the 
effects  of  clock  offset  and  instability  to  an  insignificant 
level.  If  interferometric  spacecraft  measurements  were  to 
be  made  without  the  benefit  of  a  nearly  simultaneous 
quasar  calibration,  then  clock  offset  would  completely 
dominate  the  error  budget.  Fig.  6  also  shows  the 
estimated  accuracy  for  spacecraft-only  measurements, 
assuming  externally  supplied  clock  synchronization  at  the 
1  nsec  level.  Though  errors  due  to  media  delay  and 
platform  parameter  uncertainty  have  grown  by  as  much  as 
a  factor  of  five,  clock  synchronization  is  by  far  the  largest 
error  source. 


generated  by  differencing  simultaneous  phase 
measurements  from  two  spacecraft.  The  SBI  observable  is 
sensitive,  however,  to  instrumental  group  delays  and  clock 
epoch  offsets,  as  shown  in  eo.  (2).  Instrumental  phase 
delays  depend  on  the  signal  doppler  shift.  The  net  effect  is 
small  for  two  spacecraft  with  nearly  the  same  doppler, 
such  as  a  lander  and  rover,  but  a  large  effect  may  remain 
for  two  spacecraft  in  different  orbits.  An  uncalibrated 
station  clock  offset  of  Just  100  nsec  would  be  the 
dominant  error  source  in  X-band  SBI  measurements 
obtained  from  the  Magellan  and  Pioneer  Venus  orbiters 
[Border  et  al..  1991].  To  reduce  this  error  to  an 
insignificant  amount,  absolute  station  instrumental  delays 
must  be  calibrated  to  the  10  nsec  level,  so  that  clock 
offsets  and  instrumental  delays  can  be  separately  extracted 
from  either  quasar  VLBI  or  external  clock  synchronization 
reports. 


(nraO) 
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Fig.  6.  Spar-craft  VLBI  measurement  system  errors 
both  with  and  without  nearly  simultaneous  quasar 
ca’ibrations. 


FREQUENCY  AND  TIMING:  DESIRED 
IMPROVEMENTS 

The  performance  of  either  ground  station  or  spacecraft 
frequency  standards  is  currently  the  limiting  factor  for 
some  applications  of  deep  space  tracking  for  both 
navigation  and  radio  science  purposes.  This  section 
presents  examples  '  .'  tracking  techniques  which  would  be 
improved  by  advances  in  frequency  and  timing  systems. 


The  effects  of  frequency  instability  completely  cancel  for 
same-beam  interferometry,  since  the  observable  is 


Simultaacflus  Tracking  of  Multiale-Sjaacecxaft 

The  inilialivc  to  explore  ihe  planet  Mars  will  likely  result 
in  the  deployment  of  several  spacecraft  all  operating 
simultaneously  in  the  vicinity  of  Mars.  Included  will  be 
landers  and  rovers  on  the  surface,  communications  and 
mapping  orbiters,  rendezvous  craft,  and  possibly  balloons, 
remote  weather  stations,  and  navigation  beacons.  All 
signals  from  spacecraft  within  areosynchronous  orbit  fall 
within  the  same  beamwidth  of  an  Earth-based  34  meter 
diameter  antenna  at  X  band.  Operations  are  greatly 
simplified  if  all  tracking  is  done  in  the  1-way  mode, 
because  no  uplinks  arc  required,  and  all  telemetry  and 
dopplcr  data  from  all  spacecraft  may  be  acquired 
simultaneously  at  just  one  station.  More  accurate 
navigation  is  possible  if  doppler  is  supplemented  with 
same-beam  interferometry,  by  the  use  of  antennas  at  two 
DSN  complexes  during  periods  when  Mars  is  mutually 
visible. 

Tracking  accuracy  in  this  case  is  limited  by  the 
performance  of  the  spacecraft  oscillators.  For  cither 
dopplcr-only  data  sets  or  for  doppler  plus  SBI,  2-way 
tracking  provides  more  accurate  orbit  determination  than 
1-way  tracking,  if  spacecraft  are  equipped  with  an 
o.scillator  comparable  in  stability  to  the  Mars  Observer 
flight  unit  [Folkncr  and  Border,  1990].  Improving 
spacecraft  oscillators  to  have  stability  comparable  to  the 
proposed  linear  trapped  ion  flight  unit  illustrated  in  Fig.  4 
would  make  1-way  tracking  just  as  accurate  as  2-way 
tracking,  for  the  purposes  of  navigation,  for  cither 
doppler-only  or  doppler  plus  SBI  data  sets. 

Spacecraft  VLBl  without  Quasars 

Inter-station  time  and  frequency  synchronization  is 
neces.sary  to  support  spacecraft  interferometric 
observations.  To  be  u.scful  for  navigation,  the  minimum 
requirement  is  that  station  clock  offsets  must  be  known  to 
1  nsec  and  clock  rates  must  be  known  to  10'^^.  In  fact, 
clock  epoch  and  rate  offsets  will  be  the  dominant  error 
sources  unless  they  arc  determined  at  least  ten  times  more 
accurately  than  this  requirement.  Synchronization  is 
currently  achieved  by  observing  natural  radio  sources 
either  just  before  or  just  after  the  spacecraft.  Operations 
would  be  simplified  if  synchronization  could  be 
maintained  by  other  means. 

If  .station  instrumental  stability  is  sufficiently  good,  then 
synchronization  can  be  maintained  by  infrequent  quasar 
VLBl  observations.  For  example,  given  stability  of 
lO"'^  for  a  time  interval  of  one  week,  the  synchronization 


error  is  estimated  to  be  V2x(l  weck)x(604800 
scc/wcck)x  10'^^  =  0.9  nsec,  which  is  adequate  to  meet  the 
minimum  requirement.  Alternatively,  synchronization 
could  be  maintained  by  making  more  frequent 
observations  of  Earth  orbiters,  such  as  satellites  belonging 
to  the  Global  Positioning  System.  In  either  case, 
stability  and  synchronization  must  apply  to  the  full 
instrumental  path,  not  just  to  the  primary  frequency 
standards.  All  instrumental  phase  shifts  and  group  delays 
must  be  calibrated.  The  prospects  for  maintaining 
knowledge  of  instrumental  calibrations  will  greatly 
improve  as  upgrades  within  the  Deep  Space  Network 
result  in  replacing  analog  receivers  and  electronic 
components  with  digital  receivers. 

Planetary  Gravity  Field  Determination 

Currently  there  is  a  conflict  when  tracking  a  spacecraft 
during  a  planetary  flyby,  or  when  tracking  a  planetary 
orbiter:  2-way  tracking  is  preferred  for  gravity  field 
determination,  while  1-way  tracking  is  preferred  for  ring 
and  atmospheric  occullaiion  measurements.  Improved 
stability  of  spacecraft  on-board  oscillators  would  reduce 
the  conflict,  perhaps  making  1-way  measurements 
sufficiently  accurate  to  meet  both  requirements.  However, 
improvements  to  ground  station  oscillators,  coupled  with 
improvements  in  media  delay  and  platform  parameter 
calibrations,  could  make  2-way  tracking  more  accurate 
still,  thus  extending  the  conflict. 


Recovery  of  Temperature  and  Pressure  Profiles 

The  stability  of  the  spacecraft  on-board  oscillator  limits 
the  accuracy  with  which  temperature  and  pressure  profiles 
may  be  recovered  from  measured  phase  shifts  of  1-way 
signals  which  pass  through  an  atmosphere.  Improved 
stability  extends  the  altitude  range  to  enable  measurements 
of  more  tenuous  atmospheres.  An  order  of  magnitude 
stability  improvement  raises  the  maximum  altitude  by 
loge  10  atmospheric  scale  heights.  As  an  example, 
consider  the  case  of  Mars.  A  Voyager-class  oscillator 
(10'^^  stability)  provides  useful  information  for  an 
altitude  range  of  from  0  to  37  km,  while  a  Mars  Observer- 
class  oscillator  (10''^  stability)  provides  useful 
information  for  an  altitude  range  of  from  0  to  60  km. 
Further,  at  a  given  altitude,  an  order  of  magnitude 
improvement  in  oscillator  stability  leads  to  an  order  of 
magnitude  improvement  in  accuracy  of  the  inferred 
temperature  and  pressure  [Kursinski,  1990]. 
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(a)  (b) 


Fig.  7.  Power  spectra  of  Voyager  1  signal  during  Saturn  ring  occultation.  Time  sequence 
begins  at  lower  left  and  progresses  to  upper  right.  (Figure  from  [Marouf  et  al.,  1983].) 


Forward  scattering  of  a  radio  signal  from  ring  features 
results  in  multiple  paths  for  the  signal  propagation  from 
spacecraft  to  backing  station.  The  power  spectrum  of  the 
received  signal  contains  information  about  each  path. 
Information  about  particle  size  distribution  is  provided  by 
recovering  the  scattered  signal  spectrum  as  a  function  of 
scattering  angle,  which  is  a  known  function  of  the 
geometry.  The  doppler  shift  of  the  scattered  signal 


changes  as  the  geometry  changes,  so  that  the  scattered 
signal  moves  in  frequency  relative  to  the  direct  signal. 
Fig.  7  shows  a  sequence  of  power  spectra  of  the  Voyager 
2  signal  during  the  occultation  by  Saturn's  rings.  The 
scattered  signal  from  the  Cassini  Division  first  appears 
higher  in  frequency  than  the  direct  signal,  and  then  moves 
across  the  direct  signal  to  a  lower  frequency.  To  exu^ct 
maximum  information  from  the  scattered  signal,  it  is 
necessary  to  keep  oscillator  phase  noise  below  the  level 
set  by  the  carrier  signal  to  noise  ratio. 


605 


Gravitational 

Wave  Spacecraft 


Fig.  8.  Three  pulse  response  to  burst  gravitational  waves:  time-resolved 
excitation  produces  a  characteristic  signature  in  the  time  domain. 


Gravitational  Wave  Search 

The  DSN  dopplcr  navigation  system  has  been  extended  to 
search  for  low  frequency  gravitational  radiation,  using  a 
spacecraft  in  cruise  in  deep  space.  The  onset  of  a 
gravitational  wave  causes  a  three  pulse  signature 
[Estabrook  and  Wahlquist,  1975]  in  the  2-way  dopplcr  data 
which  is  used  to  aid  in  detecting  the  signal  and  in 
determining  a  cone  of  direction  from  which  the  signal 
emanated.  The  sensitivity  of  this  "detector"  is 
characterized  by  its  fractional  frequency  stability,  a^f/f. 
This  instrument  may  be  used  to  search  for  incident 
gravitational  waves  with  dimensionless  amplitude  which 
is  comparable  to  a^f/f- 

Fig.  8  illustrates  the  three  pulse  response  to  burst 
gravitational  waves.  The  effect  is  first  seen  in  the  doppler 
record  when  the  wave  buffets  the  tracking  station.  The 
wave  reaches  the  spacecraft  at  a  later  time  which  depends 
on  the  Earth-spacecraft  distance  and  also  on  the  angle 
between  the  Earth-spacecraft  vector  and  the  direction  of 
propagation  of  the  gravity  wave.  A  one-way  light  time 
after  the  wave  buffets  the  spacecraft,  the  effect  is  seen  in 
the  received  doppler.  The  original  Earth-buffeting  effect  is 
again  seen  in  the  doppler  record  a  round-trip  light  time 
after  the  wave  passed  the  tracking  station. 


The  range  of  Fourier  frequencies  to  which  the  instrument 
is  sensitive  is  usually  taken  to  be  0.1  to  1/RTLT  Hz.  At 
the  highest  frequencies  the  error  is  dominated  by  the 
signal-to-noise  ratio.  At  the  lowest  frequencies  there  is 
partial  cancellation  of  the  three  pulse  signature  resulting 
in  reduced  sensitivity.  The  go^  for  end-to-end  system 
stability  to  support  the  Cassini  gravity  wave  experiment 
is  10*^^  at  1000  sec  [Riley  et  al.,  1990].  To  achieve  this 
stability,  improvements  will  be  made  to  the  DSN 
hydrogen  masers,  Ka-band  uplinks  and  downlinks  will  be 
utilized,  data  will  be  acquired  near  solar  opposition,  and 
careful  attention  will  be  paid  to  calibration  of 
aunospheric,  electronic,  and  mechanical  effects. 
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Abstract: 

The  Geographic  Dependency  and  Latitude  Effects  Study 
is  an  effort  underv/ay  at  NHL  tc  investigate  the  capability  of 
the  Global  Positioning  S)'slem  (GPS)  to  disseminate  Universal 
Coordinated  Time  as  maintained  by  the  U.S.  Naval  Observa¬ 
tory,  UTC(USNO).  It  is  assumed  that  the  users  will  have 
access  to  the  GPS  Precise  Positioning  Service  (PPS)  and  will 
use  GPS  in  the  passive  mode.  That  is,  they  will  not  exchange 
data  with  another  location  to  transfer  time  by  the  common 
view  method,  but  rather  will  obtain  UTC(USNO)  via  the  GPS 
broadcast  message.  The  study  addresses  the  performance 
expected  from  this  type  of  user  on  a  global  basis.  VSNO  has 
demonstrated,  through  operation  at  their  facility  as  a  user, 
that  the  system  elements  can  provide  time  to  less  than  25  ns. 
This  seems  to  indicate  that  the  final  link  with  the  user  is  the 
source  of  additional  errors  limiting  performance.  The  other 
GPS  system  elements  and  the  worldwide  nature  of  operation 
for  time  dissemination  has  not  been  well  studied  and  should 
not  be  overlooked.  Since  USNO,  the  GPS  Master  Control 
Station,  and  the  primary  GPS  lest  range  at  Yuma  are  co- 
visible,  the  southern  pacific  area  was  chosen  as  the  area  of 
special  interest  to  this  study,  being  the  more  difficult  for 
operational  coverage. 

In  this  study,  the  effects  of  the  various  GPS  system  error 
sources  are  being  investigated  for  their  influence  on  time 
dissemination.  Data  is  being  gathered  from  a  variety  of 
tracking  and  timing  centers  to  attempt  to  identify  and  quantify 
the  errors  and  their  sources.  The  known  influences  of  GPS 
satellite  position  error,  propagation  effects  and  the  ability  to 
maintain  time  at  remote  sites  are  being  investigated.  Trends 
in  the  error  propagation  of  these  different  effects  will  be 
determined  and  limits  imposed  on  capability  and  possible 
geographic  dependency  identified.  Interim  results  and 
tentative  conclusions  will  be  presented  on  these  efforts. 

INTRODUCTION 

This  paper  will  discuss  an  investigation  into 


the  errors  associated  with  recovering  Universal 
Coordinated  Time  as  maintained  by  the  Naval 
Observatory,  UTC(USNO),  by  authorized  users  of 
the  Global  Positioning  System  (GPS).  The  eventu¬ 
al  aim  of  the  effort  is  for  users  who  will  have 
access  to  the  GPS  Precise  Positioning  Service 
(PPS)  and  will  use  GPS  in  the  passive  mode.  That 
is,  they  will  not  exchange  data  with  another  loca¬ 
tion  to  transfer  time  by  the  common  view  method, 
but  rather  will  obtain  Universal  Coordinated  Time 
and  maintained  by  the  U.S.  Naval  Observatory 
(UTC(USNO))  via  the  GPS  broadcast  message. 
Consequently,  the  best  accuracy  from  the  system 
in  this  mode  is  desired.  The  identification  of  the 
error  sources  and  their  contribution  to  GPS  time 
dissemination  is  the  objective,  with  the  aim  of 
reducing  or  eliminating  their  effect. 

GPS  SYSTEM  OVERVIEW 

The  GPS  system  is  currently  being  deployed  to 
provide  a  general  purpose  navigation,  precise 
positioning  and  time  dissemination  service  for 
military  users.  The  system  provides  multi-satellite 
coverage  over  the  entire  globe  and  a  combination 
of  navigation  signals.  GPS  is  intended  to  be  used 
as  a  real-time  system  for  ground  and  air  military 
platforms  requiring  accuracies  to  lO’s  of  meters. 
The  real-time  requirement  is  met  by  using  the 
coded  signals  to  make  near-instantaneous  measure¬ 
ments  to  the  GPS  satellites.  For  fixed  users, 
smoothing  permits  improved  accuracies  down  to 
less  than  a  meter.  The  Selective  Availability/Anti- 
Spoofing  (SA/AS)  capability  of  the  GPS  system  is 
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the  basic  difference  between  the  Standard  Position¬ 
ing  Service  (SPS)  and  the  Precision  Positioning 
Service  (PPS).  The  SPS  is  meant  to  be  the  stan¬ 
dard  service  available  to  civilian  and  foreign 
users.'  The  PPS  represents  the  full  military 
capability  of  the  system  which  must  be  accessed 
through  secure  cryptological  means.  These  two 
schemes  degrade  or  deny  the  system  assets  or 
accuracy  for  the  Clear/Acquisition  (C/A)  only 
user.  One  aspect  of  SA  is  oscillator  dither  which 
dithers  the  basic  clock  frequency  used  to  generate 
the  C/A  and  Protected  (P)  code  signals.  The 
dither  is  an  encrypted  sequence  which  must  be 
decoded  by  the  user  to  obtain  full  accuracy  and 
precision  from  the  GPS  signals.  Anti-Spoofing 
(AS)  provisions  change  the  P  code  to  another  code 
known  as  the  Y  code. 

GPS  RECEIVERS 

Receivers  developed  for  use  with  GPS  range 
from  using  only  L,  -  C/A  code  only  with  one  to 
five  channels,  a  channel  is  designated  for  each 
GPS  satellite  being  observed,  to  the  full  5  channel 
military  receiver.  Sequential  receivers  have  also 
been  developed  which  sequence  through  a  number 
of  GPS  satellites  to  provide  the  number  observable 
for  navigation.  The  most  precise  receivers  devel¬ 
oped  for  geodetic  work  operate  predominately  with 
the  carrier  frequencies.  The  coherent  frequencies 
provided  by  the  GPS  satellites  are  used  as  a  fine 
measure  of  the  satellite  range  and  range  rate.  This 
eliminates  reliance  on  the  less  precise  ranging 
information  available  from  the  signal  code  rates. 
For  the  timing  user  a  single  channel  receiver  is 
normally  used  since  their  are  usually  at  a  fixed, 
known  location.  If  the  position  is  not  known 
accurately  then  GPS  can  be  used  to  fix,  or  navi¬ 
gate,  the  receiver. 

To  solve  for  real-time  position  in  the  normal 
mode  used  with  GPS,  four  satellite  simultaneous 
code  data  is  used.  With  a  single  channel  receiver 
multiple  measurements  would  be  used  to  provide 
the  solution.  The  code  data  measures  the  time 
delay  a  signal  takes  to  propagate  from  the  satellite 
to  the  user.  The  user  can  determine  the  range  by. 


R  =  c  (tj  -  t,),  where,  R  is  the  range,  c  is  the 
speed  of  light,  tj  is  the  time  of  reception,  and  t,  is 
the  time  of  transmission.  Ranging  to  three  satel¬ 
lites  simultaneously  allows  the  determination  of  the 
user’s  three  position  coordinates.  This  process 
presumes  that  the  satellites’  and  the  user’s  receiver 
clock  are  synchronized,  which  is  normally  not  the 
case.  For  this  reason,  the  range  determination  is 
called  pseudoranging,  which  denotes  unsynchron¬ 
ized  clocks  between  the  satellites  (normally  as¬ 
sumed  to  be  synchronized)  and  user  receiver 
(offset  by  some  value  bj,  and  requires  an  addi¬ 
tional  satellite  measurement  to  be  able  to  solve  for 
the  synchronization  error.  The  user  offset  is  the 
measurement  desired  by  the  timing  user.  The 
pseudorange  equation  between  the  user,  u,  and 
multiple  satellites  (or  measurements),  i  for  i  =  1, 

4,  is  then, 

(b„-^Agc=Pj+c(bi-*-Ag 

where,  (b„  +  Atjc  =  pseudorange. 

Pi  =  true  range  to  satellite  i, 
bj  =  satellite  clock  offset,  and 
At,  =  propagation  biases  and  noise. 

Alternatively,  this  equation  may  be  written  as  a 
ftjnction  of  the  user’s  position,  denoted  as  x,,  y„ 
z,,  and  the  user  clock  offset,  b„. 

(b, + Atj)  c=)j{x,-xfHy, c  (b,  ♦At,) 

The  solution  of  this  equation  is  the  navigation 
solution  and  the  basis  for  the  NAVSTAR  system 
performance  estimates.  If  the  equation  is  rewritten 
in  matrix  form  (cartesian  coordinates  assumed)  as, 

"  ®«)  =  Bj)  -  P;  ♦  V; 

or, 

G*x  =  A*s-Pj  +  Vj 

where;  R,  =  user’s  position  vector, 

e,  =  unit  vector  in  direction  of  satellite  i. 


=  c  by,  range  equivalent  user  time  bias,  used).  The  dominant  errors  appear  to  be  atmo- 

Pj  =  c  Ati,  measur^  pseudorange  vector,  spheric  delays  and  multipath.  However,  the  GPS 

B,  =  c  bi,  range  equivalent  satellite  time  bias,  satellite  position  and  clock  errors  are  functions  of 

V,  =  c  At,,  range  equivalent  noise  term.  elapsed  time  since  the  last  clock  update  or  orbit 

prediction  and  represent  the  primary  limiting 
and,  the  noise  characteristics  are  of  the  form,  factors  on  GPS  system  performance. 


Cov(Vj)  ■  E{VjV,^]  =  0^1 

where,  a  is  the  error  in  the  individual  ranging 
link.  Then,  the  estimate  of  the  parameter  vector, 
Xi,  is. 


a.  =  [GtCov-'(v.)G]-'  G^  {Cov-‘(v,)1  lA-s  -  PJ 

and  covariance  of  the  estimated  solution  is, 

Cov(5x)  =  [G^G]-'  G^  Cov(Vi)  ((G^G)'*  G^f 

and,  from  the  noise  characteristics  above, 

Cov(d5c)  =  [G^GJ-V 


The  navigation  accuracy  estimate  can  be  then 
described  as  the  product  of  the  basic  raiiging  error 
to  a  satellite,  a,  and  a  dimensionless  constant, 
[G^G]  ',  called  GDOP  for  Geometric  Dilution  of 
Precision.  GDOP  is  determined  by  the  specific 
geometry  of  the  GPS  satellites  to  the  user  at  the 
time  of  navigation  solution.  The  basic  ranging 
error,  which  has  been  called  the  User  Range  Error 
(URE)  or  User  Equivalent  Range  Error  (UERE), 
is  the  combination  of  the  errors  in  the  measure¬ 
ment  of  range  between  each  satellite  and  the  user 
receiver.  URE  is  a  combination  of  the  actual 
range  measurement  errors  due  to  instrumentation, 
residual  ionospheric  and  tropospheric  correction, 
orbital  position  and  clock  errors.  This  is  a  funda¬ 
mental  link  in  the  time  comparison  between  GPS 
and  the  time  user.  The  URE  is  strongly  influ¬ 
enced  by  both  clock  and  orbit  errors. 


User  error  statistics  are  given  and  discussed  in 
ICD-GPS-200^  as  a  measure  of  system  perfor¬ 
mance.  In  that  document  the  user  error  is  defined 
as  URA  G^ser  Range  Accuracy)  and  the  difference 
between  the  Control  Segment’s  prediction  and  the 
current  Kalman  estimate. 


ERROR  SOURCES 

The  URE  and  associated  error  contributions 
are  illustrated  in  Table  I  (actual  error  contribu¬ 
tions  are  highly  dependent  upon  the  equipment 


j  Table  2.  GPS  User  Range  Error  { 

Error  Component 

Iff(m) 

Satellite  Orbit  Error 

1.5 

Satellite  Clock  Error 

1.5 

Atmospheric  Delays 

2.4 -5.2 

Satellite  Equipment 
Delays 

1.0 

Multipath 

1.2  -2.7 

Receiver  Noise  and 
Resolution 

1.5 

TOTAL  (RSS) 

3.6 -6.3 

GPS  Orbital  Position  Errors. 

The  GPS  system  relies  on  an  accurate  knowl¬ 
edge  of  the  predicted  satellite  positions.  Knowing 
the  satellite  position  then  permits  accurate  range 
determination  to  allow  calculation  of  the  user’s 
position  or  passive  time  comparison.  Since  the 
position  must  be  know  in  advance,  the  orbit 
predictability  of  the  GPS  satellites  is  the  key  factor 
in  the  operation  of  the  system.  A  precision  orbit 
determination  process  has  been  enacted  by  the 
Defence  Mapping  Agency  (DMA)  to  provide  the 


most  accurate  satellite  ephemerides  for  surveying 
and  mapping  purposes.  That  non-real -time  process 
provides  to  most  accurate  positional  information 
available  for  comparison  and  estimation  of  the 
predicted  positional  information  broadcast  to  the 
users. 

Satellite  Clock  Errors 


For  GPS  frequencies  the  actual  bending  of  the 
signal  path  is  small  and  the  primary  delay  is 
caused  by  phase  or  group  delay  of  the  signal.  The 
deviation  of  the  refractive  index  from  unity  is  then 
An  =  1  -  n,  which  may  be  expressed  as. 


An 


N 


ST^e^m  P 


40.3 

P 


N 


The  GPS  satellite  atomic  clocks  time  offsets 
and  rates  are  also  predicted  for  real-time  use.  The 
coefficients  broadcast  in  the  navigation  message 
are  linear  predictions  of  the  particular  clock’s 
performance  based  of  the  observations  from  the 
GPS  monitor  stations  and  other  data  computed  at 
the  GPS  Master  Control  Station.  These  calcula¬ 
tions  are  performed  from  the  passively  observed 
pseudorange  information  collected  at  the  GPS 
Monitor  Stations.  In  this  passive  process,  the 
ability  to  distinguish  between  a  clock  error  and 
positional  error  cannot  be  done  by  measurement. 
Consequently,  the  computational  models  are  used 
to  separate  and  estimate  the  various  errors  for 
prediction.  This  clock/position  ambiguity  and  the 
inability  to  measure  clock  performance  indepen¬ 
dently  leads  to  errors.  In  the  error  budgets  and 
operation  of  the  system  clock  and  orbit  predictabil¬ 
ity  are  roughly  equal  in  effective  magnitude. 

Propagation  Errors 

A  GPS  signals  passing  through  the  earth’s 
atmosphere  encounter  two  distinct  regions  which 
alter  the  propagation  time  and  direction,  the 
ionosphere  and  troposphere.  Propagation  through 
the  ionosphere  experiences  an  effective  change  in 
the  refractive  index  caused  by  the  free  electron 
plasma  which  makes  up  the  ionosphere.  The  ray 
path  followed  by  the  radio  signal  is  expressed  as. 


where,  f  =  frequency  (Hz),  and  N  =  elearon 
content  (electrons/m^. 

The  difference  between  the  measured  path  length 
and  the  geometric  path  length  is  then, 

AP  =  jAn  ds  =  -^Jn  ds 


The  integral  is  taken  along  the  signal  path  and 
represents  the  integrated  electron  density  acting  on 
the  signal.  By  using  two  frequencies  the  integrat¬ 
ed  electron  density  function  can  be  measured  to 
first  order.  Higher  order  effects  are  not  signifi¬ 
cant  in  general  since  the  first  order  effects  residu¬ 
als  are  estimated  to  be  on  the  order  of  1-2  meters 
for  high  elevation  angles.’  In  general,  the  expres¬ 
sion  can  be  used  to  represent  the  signal  path 
electron  density  anywhere  in  the  world  against  a 
worldwide  model  of  the  ionosphere.  This  ap¬ 
proach  is  used  by  the  single  frequency  user  of 
GPS  against  a  standardized  model  whose  coeffi¬ 
cients  are  transmitted  in  the  satellite  data  message. 


Signal  errors  caused  by  propagation  through 
the  troposphere  are  independent  of  the  signal 
frequency.  The  refractive  index  of  the  medium 
due  to  troposphere  (nr),  is  expressed  as. 


"t  = 


77.6 

T 


(B  ♦ 


4810e, 
T  ' 


met 

Path  Length  =  f  nds 

nti^lite 


where,  n  =  refractive  index,  and  ds  is  along 
the  ray  path. 


where,  T  =  temperature  (*K),  B  =  total 
barometric  pressure  (millibars),  and  e  = 
partial  pressure  of  water  vapor  (millibars). 

These  two  terms  in  this  expression  are  the  so- 
called  "dry"  (nj  and  "wet"  (nj  terms  respective- 
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ly.  The  excess  propagation  path  is  given  by. 


r.PS  TIME  TRANSFER 


P  =  10* 


ds 


Since  these  terms  are  independent  of  frequency 
and  dependent  upon  the  metrological  conditions 
along  the  signal  path  they  must  be  modeled  for  the 
GPS  user.  Measurement  of  this  effect  is  possible 
with  water  vapor  radiometers  which  are  large  and 
expensive  to  be  deployed  for  the  modeling  residual 
that  results.  A  model  would  need  to  be  applied  to 
the  GPS  observations  to  account  for  these  errors, 
which  have  been  measured*  for  elevation  angles 
over  30"  to  be  on  the  order  of  20  cm.  For  lower 
angles  the  effect  increases  significantly  due  to  the 
longer  integrated  path  through  the  troposphere. 

Instrumentation  Errors 

The  receiving  equipment  and  its  installation 
effects  the  performance  of  navigation  and  time 
comparison  users.  The  usually  problems  of 
receiving  with  the  appropriate  resolution  are 
common.  An  additional  factor  affecting  the  time 
user  is  the  calibration  of  the  delays  in  the  antenna 
lines  and  other  distribution  networks  that  may  be 
employed  at  the  receiving  site.  A  delay  in  the 
antenna  network  would  not  cause  a  positioning 
error,  for  the  multi-satellite  case  as  long  as  the 
delay  were  common  to  all  measurements,  but 
could  cause  a  timing  error  for  the  time  comparison 
user.  It  is  therefore  important  that  the  receiver 
and  its  supporting  instrumentation  be  calibrated  for 
delay  and  such  variable  timing  problems.  Compar¬ 
isons  in  reception  time  made  with  timing  pulses, 
such  as  a  1  pulse  per  second  time  mark,  should 
ensure  rise  time  and  pulse  integrity  for  proper 
resolution  and  comparison. 

Multipath  into  the  receiving  antenna  is  a 
substantial  problem,  especially  near  large  reflect¬ 
ing  surfaces.  These  effects  are  common  and  can 
be  large  error  contributors. 


The  time  comparison  user  has  another  compli¬ 
cation  in  that  the  offset  from  GPS  Time  to  UTC- 
(USNO)  must  likewise  be  known.  The  proce¬ 
dures  for  determining  and  providing  the  correction 
term  to  the  GPS  Control  Segment  for  inclusion  in 
the  Navigation  Broadcast  message  and  earth 
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orientation  terms  necessary  for  orbit  determination 
are  contained  in  ICD-GPS-202^. 

There  is  an  additional  factor  that  limit  UTC- 
(USNO)  time  recovery  from  GPS.  This  factor  is 
operational  philosophy,  GPS  has  no  requirement 
for  time  dissemination.  To  maintain  time  recovery 
better  than  the  100  nanoseconds  level  is  not  an 
overall  system  requirement.  The  maintenance  of 
GPS  Time  relative  to  UTC(USNO)  is  to  be  kept  to 
one  micro-second  and  knowledge  of  the  difference 
to  100  nanoseconds  is  therefore  subject  to  opera¬ 
tional  expediency.  Even  though  it  has  been 
demonstrated  that  the  system  is  capable  of  main¬ 
taining  knowledge  of  UTC(USNO)  to  less  than  25 
nanoseconds.  Figure  1  shows  the  value  of  UTC 
broadcast  by  the  GPS  satellites  compared  to 
UTC(USNO). 
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Figure  2  shows  the  processes  involved  in 
maintaining  and  disseminating  time  within  the  GPS 
system.  Time  recovery  as  discussed  here  is  Time 
Comparison  (4)  in  figure  2.  This  is  a  result  of  the 
overall  process,  in  which  time  must  be  maintained 
throughout.  Each  of  the  steps  in  the  process  are 
possible  sources  of  systematic  and  noise-like 
errors. 

The  errors  as  discussed  above  in  final  link 
with  the  user  is  the  source  of  additional  errors 
limiting  performance.  There  are  two  types  of 
residual  errors  in  the  link  to  the  users.  The  first, 
as  seen  in  figure  3,  is  systematic  errors  observed 
in  a  pass  of  data.  The  points  shown  are  the 
broadcast  time,  relative  to  a  station  clock,  for  one 
satellite  as  it  passes  from  horizon  to  horizon.  This 
systematic  effect  has  been  called  the  "bowing 
effect".  The  effect  is  the  most  extreme  using  a 
single  frequency  C/A  receiver  but  is  apparent  in 
data  from  dual  frequency  receivers  as  well.  By 
smoothing  individual  13  minute  ranging  data 
points  over  a  satellite  pass  and  many  passes, 
USNO  has  been  able  to  recovery  UTCfUSNO)  on 
a  daily  basis  from  the  GPS  message  as  shown  in 
Figure  1  to  less  than  25ns  for  long  periods.  It  is 
important  to  note  that  this  level  of  time  recovery 
is  achieved  by  processing  all  data  ( <  96  tracks  per 
day),  and  that  with  limited  data  (<  10  per  day), 
the  time  recovery  is  likely  to  be  closer  to  100ns 
than  25ns.  The  bowing  effect  appears  to  be  dealt 
with  in  the  short  term  of  a  few  days  by  the  smoo¬ 
thing  process,  but  the  mechanism  of  the  effect  is 
not  well  understood.  The  principal  cause  for  this 
effect  has  been  attributed  to  propagation  effects. 
However,  some  data.  Figure  4,  suggests  a  ramping 
effect  not  easily  attributable  to  propagation. 
Possible  long  term  effects  have  not  been  fully 
investigated. 

To  investigate  a  possible  long  term  noise-like 
effect,  an  ensemble  of  clocks  is  needed  since  the 
behavior  could  be  below  the  noise  level  of  a 
moderately  well  behaved  cesium.  Figure  5  is 
data  taken  over  the  same  timeframe  from  reliable 
clock  ensembles  in  the  western  pacific.  The 
magnitude  of  the  effect  varies  between  them,  but 


the  frequency  shifts  appear  to  correlate.  There  are 
other  sites  in  this  region  that  show  similar  correla¬ 
tions.  These  data  would  normally  be  a  measure  of 
each  site  versus  UTCfUSNO)  and  the  frequency 
performance  would  be  considered  to  be  due  to 
individual  sites.  However,  these  sites  are  consid¬ 
ered  to  be  very  stable.  The  correlation  of  the 
frequency  shifts  between  the  sites  would  generally 
tend  to  indicate  that  the  movement  was  in  either 
the  GPS  time  base  or  UTC(USNO).  USNO  com¬ 
pared  by  common  view  to  UTC(BIPM)  shows  no 
similarities  with  the  western  Pacific  is  shown 
during  this  period.  The  common  view  comparison 
should  eliminate  GPS  time  error  contributions 
thereby  tending  to  isolate  the  GPS  time  base  as  a 
possible  source  of  the  performance. 

DATA  COLLECTION 

Data  has  been  gathered  for  this  investigation 
on  actual  performance  for  isolation  of  the  error 
effects  through  the  cooperation  of  USNO,  the  GPS 
Master  Control  Station,  Defence  Mapping  Agency 
(DMA),  Detachment  C  of  the  Naval  Space  Opera¬ 
tions  Center,  the  Australian  Orroral  Valley  Obser¬ 
vatory,  and  the  Physics  and  Engineei'ing  Laborato¬ 
ry,  Lower  Hutt,  New  Zealand.  These  data  includ- 
^  received  GPS  observations  and  data  on  the 
clocks  used  in  data  collection.  Single  frequency 
receivers  were  used  in  the  overseas  sites  and  a 
dual  frequency  at  USNO.  Precise  ephemerides  for 
the  GPS  satellites  were  provided  by  DMA  and 
GPS  broadcast  data  were  obtained  through  the 
Cooperative  International  GPS  Tracking  Network 
computer  center  at  the  National  Geodetic  Survey. 

Data  collection  from  the  various  sources  began 
1  October  1990  with  the  intention  of  having 
coincident  data  from  all  sources.  Prior  to  data 
collection  site  surveys  were  conducted  at  all  sites 
to  verify  calibration  and  a  clear  understanding  of 
ail  the  parameters  effecting  the  analysis  of  the 
data. 

GPS  TIME  MEASUREMENT 

The  GPS  time  recovery  by  pseudoranges  (PR) 
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time  values  a  stationary  site  can  be  expressed 
as, 

^LC  ■  Ws  ~  ■  PRc 

This  produces  the  difference  in  clock  values 
between  the  local  clock  (LC)  used  for  the  mea¬ 
sured  pseudorange  (PRm)  and  GPS  time  (ton)  ^ 
maintained  by  the  satellite.  The  calculated  pseudo¬ 
range  term  (PRc)  is, 

PRc  =  c  'P(xo)  -  At,  -I-  Atjv, 

P(Xo)  =  Geometric  range  between  SV  position  and 
receiver  position.  At,  =  the  ionospheric  and  tropo¬ 
spheric  propagation  correction,  and  Atsv  =  ton  * 
tjv  (Actual  time  on  the  space  vehicle  (SV))  +  Au^ 
(a  correction  for  the  relativistic  time  delay  ac¬ 
counting  for  non-spherical  nature  of  actual  satellite 
orbit).  The  SV  time  is  related  directly  to  UTC- 
(USNO),  ttrrc 

krrc  ■  fcps  =  Aton 
So  that, 

Atsv  =  Vrc  *  Aton  *  fsv  Atg,) 

The  value  of  tf^:  is  the  final  desired  value  of  the 
difference  between  a  local  clock  and  GPS  time  or 
UTC(USNO). 

In  normal  system  operation,  the  calculated 
term  for  the  pseudorange  is  based  on  the  data 
broadcast  by  the  system.  To  examine  the  error 
components  the  DMA  post  processed  data  was 
used  with  the  broadcast  data.  The  post-processed 
derived  pseudorange  (PRdma)  ^ifi^  position 
information  and  the  SV  clock  correction  term  is, 

PRdma  ~  C  'P(Xd)  -t-  AtQ 

=  C  'P(Xp)  +  (ton  "f"  fjv) 

where,  P(Xd)  =  Position  from  post-processed 
tracking  data,  and  Atp  =  The  clock  correction 
term  derived  from  the  post-processed  estimate  of 
clock  offset. 


The  broadcast  derived  pseudorange  (PR,)  pro¬ 
vides  predicted  position  information,  predicted 
clock  correction,  and  propagation  corrections  for 
ionospheric  and  tropospheric  delays,  so  that, 

PR,  =  c  'P(xJ  +  At,  +  At, 

where,  P(x,)  =  SV  broadcast  position.  At,  =  the 
broadcast  SV  clock  correction  term,  which  is  the 
predicted  time  error  (te)  between  SV  clock  and 
ton*  and  At.  =  the  propagation  correction  term. 

The  measured  pseudorange  (PRm)  contains  the 
composite  terms, 

PRm  =  C  'P(x,)  +  At,  Ato:  +  At^  +  E 

where,  At(^  =  local  clock  offset,  At^.  =  actual 
propagation  delay,  and  E  =  oL.ei  residual  error 
including  instrumentation  effects. 


These  measurement  data  sets  may  be  combined 
for  comparison  and  examination  of  the  compo¬ 
nents.  The  pseudoranges  from  the  broadcast  and 
the  post-processed  should,  in  theory,  be  equiva¬ 
lent,  as, 

PR,  -  PRp  —  AP(Xb  -  xp)  +  c(At,  -  Atp). 

These  data  being  a  function  of  the  position  vectors 
and  clock  offset  of  the  SV  clock  from  GPS  Time. 
Comparing  the  radial  position  component  of  these 
two  data  sets,  which  should  be  the  most  sensitive 
component,  for  GPS  SV3  and  SV16  are  shown  in 
figures  6  and  7.  The  residual  error  in  these 
figures  shows  a  significant  error  in  the  broadcast 
positions.  These  errors  appear  for  all  SV’s  exam¬ 
ined,  and  longer  data  sets  are  to  be  investigated. 

The  SV  clock  comparison  term  above  for  SV 
II,  16,  20  and  21  are  shown  in  figures  8  to  II, 
respectively.  These  data  are  residuals  to  a  linear 
fit  to  the  post-processed  data,  and  a  linear  term 
was  used  because  the  broadcast  clock  term  are 
likewise  linear.  Higher  order  models  will  be  used 


in  further  comparisons.  The  spread  in  these  data 
suggests  some  difficulty  in  estimating  the  clock 
term.  The  magnitude  of  the  errors  vary  between 
the  SVs,  but  the  minimums  appear  to  be  on  the 
order  of  10-15  nanoseconds  over  the  prediction 
interval.  These  data  further  suggest  that  the  post- 
processed  solution  is  quite  noisy  and  not  indicative 
of  clock-like  behavior.  This  behavior  being 
indicated  data  from  the  USNO  receiver  was  used 
for  comparison  and  verification  of  the  post-pro¬ 
cessed  solution.  One  comparison  is  shown  in 
figure  12.  In  these  data  the  USNO  appears  to 
have  a  different  daily  rate,  but  overall,  following 
the  general  trend  of  the  clock.  Further  investiga¬ 
tion  showed  that  if  the  relativistic  correction  (for 
orbit  eccentricity)  were  removed  from  the  USNO 
observations  the  data  shows  a  better  correlation  as 
shown  in  figure  13.  The  residuals  of  the  data 
from  figure  13  are  shown  in  figure  14. 

The  orbital  and  clock  comparisons  shown  in 
figure  IS  demonstrate  the  correlation  between  the 
orbital  position  and  clock  error  ambiguity  present 
in  this  passive  system.  These  data  also  show  the 
overlap  period  used  in  the  post-processing  to 
prevent  discontinuities  between  the  orbit  fit  peri¬ 
ods.  in  this  overlap  period,  the  clock  residual 
differences  at  the  same  observation  time  are  the 
result  of  the  orbit  fits  made  in  the  two  successive 
weeks  using  largely  different  data.  The  variation 
between  the  two  fits  could  be  a  significant  error 
contributor  coupled  with  other  sources. 

These  comparisons  suggest  the  presence  of 
structured  signals  in  the  error  components  for  orbit 
and  clock  offset,  exclusive  of  propagation  effects. 
These  error  signals  that  would  be  unseen  by  the 
timing  user,  directly  effect  the  short  term  perfor¬ 
mance  and  possible  introduce  a  long  term  feature. 

Data  taken  by  participating  sites  to  contribute 
to  component  error  resolution  compared  to  UTC 
as  broadcast  by  GPS  are  shown  in  figures  16 
through  19.  The  long  term  structure  in  these  data 
do  not  appear  to  correlate  with  GPS  Time  or 
UTC(USNO)  variations,  although  the  analysis  is 
not  complete.  These  sites  are  in  general  using  an 


ensemble  of  clocks  and  the  data  is  to  be  examined. 
Independent  calibrations  or  comparisons  are  being 
developed  for  comparative  analysis. 


Data  collection  and  analysis  for  this  effort  is 
continuing.  Considerable  analysis  and  data  co¬ 
rrelation  is  yet  to  be  performed.  However,  the 
preliminary  conclusions  made  are  that  the  Bowing 
effect  may  have  major  contribution  from  a  number 
of  different  contributors.  Orbit  and  clock  residual 
error  signatures  imposed  on  the  pseudoranging 
residuals  appear  to  be  the  large  contributors. 
Analysis  of  the  propagation  factors  which  would 
classically  be  expected  to  produce  a  bowing  type 
effect  has  yet  to  be  fully  investigated. 

It  does  seem  reasonable  to  conclude  that  the 
spread  of  data  and  error  growth  in  orbit,  clock  and 
possibly  propagation  factors  is  larger  as  observed 
in  the  southern  pacific  area.  Data  spread  and 
noise  from  the  data  there  appears  to  bear  this  out. 
A  spectrum  analysis  of  the  error  structure  is  to  be 
examined  in  looking  for  a  long  term  error  struc¬ 
ture. 
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Figure  6,  SV03  Radial  Position  Difference  (Broadcast  vs  DMA) 
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Figure  7,  SV16  Radial  Position  Difference  (Broadcast  vs  DMA) 
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Figure  14,  SV21  Clock  Offset  Residuals  to  GPS  Time,  DMA  and  USNO 
Observations  Uncorrected  for  Relativity 
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Figure  15,  SVl  1  Radial  Position  Difference  and  Clock  Offset  to 
CPS  Time  Residuals  in  Nanoseconds 
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Figure  16,  New  Zealand  Site  vs  UTC  as  Disseminated  by  GPS 
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Figure  17,  Orroral  Valley  vs  UTC  as  Disseminated  by  GPS 
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Abstract 

The  paper  describes  a  nee  system  for 
Stratum  1  in  telecommunication  or  for  any 
high  redundant  frequency  source  system. 

Traditionally,  Primary  Reference  Systems 
are  ensembles  of  three  frequency  sources  in 
a  2:1  redundant  configuration.  One  of  the 
sources  is  used  while  the  other  two  are  hot 
standby  substitutes.  The  three  frequency 
sources  can  be  any  clocks  ensemble,  (such 
as  Cesium,  Rubidium  or  OCXO)  or  of  the  same 
kind.  Whatever  the  structure  is,  the 
sources  quality  can  change  in  time.  (Due  to 
aging,  atomic  tubes  degradation  etc.). 

TFIj,  recently,  developed  an  "aid”  for  such 
systems  that  can  find  out  which  of  the 
three  clocks  is  the  beat  by  various  means, 
and  change  priorities  in  accordance  with 
this  scaling. 


Introduction 

Such  system  has  been  recently  installed  in 
BEZEK  -  the  Israeli  PTT  at  its 
International  Digital  Exchange  as 
Stratum  1.  System's  Block  diagram  is  shown 
in  Fig.  1 . 

The  system  is  based  on  an  IBM  PC, 
includes  Time  Interval  Counter,  and  a 
sophisticated  switch  (controlled  transfer 
unit)  activated  by  the  computer. 

Three  sources  (RF)  outputs  are  connected  to 
the  TF-3006B  (Controlled  Transfer  Unit). 
This  unit  is  a  "smart"  switch  that  can 
supply  three  outputs  at  any  structure 
(channel  one  through  channel  three).  The 
clock  (source)  connected  to  Chi  will  be  the 
"Master"  at  the  system's  outputs.  Ch2  will 
be  second  priority  and  Ch3-  third  priority. 

Time  Interval  (TI)  measurement  between 
one  source  to  the  other  sources,  are 
constantly  taken  every  100  seconds  by  the 
Time  Interval  Counter.  The  measurements 
are  stored  in  the  computer  hard  disk.  Using 
software  clock  ATI  time  scale  algorithm  at 


the  Mist  methods,  the  hierarchy  is 
established  by  the  "waits"  of  the  sources. 
Changeovers  are  done  with  no  interference 
to  the  system's  outputs  (phase,  amplitude 
or  dead  time) .  Thus  a  three  frequency 
source  system, that  is  built  to  conform  to 
CCITT  Rec.  G.811,  is  improved  by  assuring 
the  best  (out  of  three)  clock  to  be  the  one 
chosen  at  the  system's  outputs,  while  the 
other  two  are  not  standing  by. 

An  additional  input  to  the  transfer 
unit,  enables  the  three  sources  comparison 
towards  another  reference  such  as  a  GPS 
receiver  (using  special  method  of  "ignoring 
its  jitter")  or  an  auxiliary  Cesium  Clock, 
as  wall  as  a  "feed-back”  from  the  exchange 
itself.  Calibration  toward  UTC  becomes 
easily  available;  as  well  as  comparison  to 
other  remote  similar  systems  (Via 
transmission  lines-  "Master  Slave" 
operation),  and  ability  to  assure  the 
stability  of  the  exchange  output. 

The  frequency  source  controller  (FSC) 
software  is  part  of  TF-3002A  -  Test  A 
Control  Unit,  which  is  a  part  of  the  TF- 
3100B  System.  The  main  purpose  of  this 
system  is  to  provide  the  customers  a 
reliable,  precise  frequency  source,  derived 
from  the  best  source,  out  of  three. 

The  phase  aligning  and  the  combining 
process  has  already  been  discussed  in  our 
previous  paper  from  last  year  (44th  annual 
symposium).  In  that  system  the  clock  that 
was  connected  to  channel  one  input  of  the 
phase  aligner  and  switch  module,  was  1st 
priority  and  Master  to  the  system's  outputs 
as  long  as  it  existed.  It  could  be  changed 
by  a  cross  connection  of  the  patching 
cables  of  TF-3006A  (Transfer  Unit),  so  that 
Chi  input  can  be  connected  to  clock 
(source)  no.  2  or  3.  The  schematics  block 
diagram  of  TF-3006B  is  shown  in  Fig  2,  this 
is  a  computer  controlled  transfer  unit. 

As  seen  by  Fig  2.  the  priority  can  be 
changed  by  a  changeover  of  the  coaxial 
switches.  Any  source  can  be  connected  to 
any  channel  so  that  in  a  case  of  "bad 
operation"  of  the  first  priority  source  it 
can  be  replaced  by  any  other  better  source. 
The  decision  of  which  is  done  by  the  Test  & 
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Control  Unit.  (No  phase  or  amplitude  jumps 
occur,  as  a  result  of  any  change  over!). 

While  the  three  3t1  coaxial  switches  are 
"in  charge"  of  the  cross  connections  and 
hierarchy  establishing,  the  other  two  4r1 
switches  are  continuously  activated  by  the 
computer  enabling  the  Time  Interval  Counter 
taking  measurements,  i.e.  the  time 
intervals  (phases)  between  one  frequency 
source  to  another  (TIE). 

These  measurements  enable  the  software 
to  perform  two  tasks: 

1  .  Creation  of  a  software  cloc)i  (based  on 
NIST  ATI  algorithm)  and  the  accumulation  of 
all  sources  history,  in  comparison  to  the 
software  clock,  and/or  to  UTC . 

2.  On  line,  two  weeks  back,  determination 
of  all  sources  by  means  of  Frequency 
Offset,  Weights,  testing  Short  Term 
Stability  and  Faults. 

The  first  task  is  the  prediction  of  a 
Cesium  tube  failure  as  well  as  the 
calculation  of  the  "very"  Long  Term 
Stability  (over  years). 

The  second  task  enables  setting  the 
hierarchy  in  accordance  with  clocks 
weights  and  the  detection  of  a  faulty 
source  by  mean  of  its  offset  and  STS  (short 
term  stability).  Such  a  clock  will  be 
disconnected  to  prevent  changeover  to  an 
unaccurate  or  noisy  source. 

An  option  for  which  the  software  has 
already  been  written,  is  a  modem  PC  card 
that  enables  any  authorized  executive  to 
contact  the  control  unit  via  a  dedicated 
telephone  line,  and  to  get  all  graphs  and 
status  on  his  personal  computer,  just  by 
dialing  a  telephone  number. 

The  system  is  also  capable  of  setting  an 
alarm  using  that  modem,  on  any  predefined 
PC  as  long  as  it  is  connected  to  a 
telephone  line  and  having  a  modem  card, 
connected  to  its  bus. 
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Phase  Noise  Modeling  in  Frequency  Dividers 
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Abstract 

Noise  within  frequency  dividers  can  be  an 
important  detrement  to  the  spectral  purity  of 
frequency  synthesizers.  A  set  of  noise  sources 
that  can  be  used  to  predict  the  phase  noise  of  such 
dividers,  as  operating  conditions  vary,  has  been 
developed  and  values  have  been  determined 
experimentally  for  one  type  of  ECL  divider.  This 
set  of  sources  is  shown  to  give  useful  predictions 
of  the  performance  of  the  tested  type  as  well  as  of 
noise  reported  for  other  ECL  dividers. 

IntrQduction 

Need_fQr  Design  Information 


equals  the  output  noise  multiplied  by  the  divide 
ratio  (Fig.  1).  Thus  a  relatively  large  phase 
deviation  would  be  required  at  the  synthesizer 
output  to  cancel  a  relatively  small  deviation  from  a 
source  at  the  divider's  output. 


SYNTH 

OUT 


Fig.  1.  Equivalent  Noise  at  Divider 
Input 


Why  it  is  required 

In  order  to  determine  the  spectral  purity  that  can 
be  obtained  from  a  particular  frequency 
synthesizer  design,  the  designer  must  know  two 
things.  First  the  designer  must  know  the  noise 
profile  of  the  various  components  of  which  the 
synthesizer  is  composed  and,  second,  he  or  she 
must  know  how  that  noise  influences  the  output. 
The  latter  is  given  by  control  theory  but  the  former 
requires  that  the  component  noise  be 
characterized.  Such  information  has  long  been 
available  for  most  components,  including  VCOs, 
op  amps,  and  resistors  but  relatively  little  is 
available  concerning  frequency  dividers. 

Effect  of  divide  ratio 
Fortunately  divider  noise  was  not  a  significant 
contributor  in  many  designs  but  its  importance 
grows  with  higher  divide  ratios  because,  within 
the  loop  bandwidth,  the  output  phase  noise  tracks 
the  effective  input  noise  of  the  divider,  which 


Historical  Perspective 

Available  information 
The  first  widely  available  noise  data  came  from 
Scherer*  in  1978.  It  consisted  of  curves  of  power 
spectral  density  versus  modulation  frequency  for 
one  TTL  and  two  ECL  devices.  These  were 
presented  in  seminars  given  by  Hewlett  Packard 
Co.  and  were  reproduced  in  two  books  on 
frequency  synthesis.  While  this  information  was 
most  welcome,  it  left  open  the  question  of  how 
the  noise  levels  would  change  with  operating 
conditions,  such  as  input  and  output  frequencies. 
What  was  needed  was  theory,  of  the  kind  that 
Leeson  had  provided  for  oscillator  noise,  which 
allowed  reasonable  estimates  of  performance  to  be 
made  based  on  measurements  made  under 
different  operating  conditions.  Information  of  this 
type  was  presented  in  a  1980  paper  by  Kroupa^ 
and  in  a  1986  paper  by  Robins^. 
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Correlation  of  Information 

Estimated  phase  power  spectral  density  at  the 
noise  floor,  as  given  in  these  papers,  is  shown  in 
Fig.  2.  While  this  theory  was  a  valuable  addition, 
one  was  led  to  wonder  how  universally  applicable 
it  was,  how  applicable  were  these  few  curves  to 
the  whole  range  of  dividers  of  interest.  In  fact, 
when  Scherer's  data  is  plotted  on  the  same  graph, 
we  see  an  estimate  within  5  dB  of  the  data  in  one 
case  but  also  deviations  of  as  much  as  25  dB  (the 
arrow  indicates  that  the  noise  floor  was  not 
reached  in  the  measurements  and  is  somewhere 
below  its  tip).  If  we  add  data  that  has  become 
available  more  recently,  some  of  which  is  for 
other  divider  types  (Fig.  8),  we  see  even  greater 
deviation  so  that  Kroupa's  curve  is  left  to  serve 
more  as  an  upper  limit  to  the  measured  data. 


and  Data 

Research  to  be  Discussed  Here 

Because  of  the  inadequacy  of  the  available 
information  and  because  of  the  possibility  of 
dependencies  other  than  those  that  had  been 
shown,  some  colleagues  and  I  at  GTE  made 
measurements  on  various  frenuency  dividers  in 
the  period  from  1982  through  1984  and  I 
attempted  to  determine  the  functional  dependence 
of  the  measured  noise  on  operating  parameters. 
The  main  results  were  published  earlier  this  year 
and  the  reader  is  referred  to  that  referenced  paper^ 
for  those  details  while  this  paper,  while  providing 
some  new  information,  will  attempt  to  place  the 
topic  in  perspective  so  the  reader  can  determine  if 
further  consideration  is  desirable.^ 


Modulation  Frequency  To  Be 
Considered 

While  we  need  to  know  the  noise  level  as  a 
function  of  modulation  frequency,  this  variation 
might  be  adequately  modeled  by  a  set  of 
parameters  in  the  1/f  region  plus  a  set  further  out 
at  the  noise  floor.  In  any  case,  for  simplicity  we 
will  concentrate  on  the  noise  floor  in  this  paper. 

Formulation  of  the  Problem 

Sources  to  be  formulated 

To  model  divider  noise  in  a  manner  that  is  most 
useful  for  design,  a  minimum  number  of  noise 
sources  are  to  be  sought.  The  objective  is  not  to 
aid  in  the  design  of  dividers  but  in  the  design  of 
synthesizers  using  the  dividers  so  if  many  sources 
internal  to  the  divider  produce  a  net  effect  such 
that  they  are  indistinguishable  outside  of  the 
divider,  then  only  one  source  is  to  be  used  to 
represent  all  the  internal  sources.  Only  when  two 
noise  sources  depend  differently  on  design 
parameters  should  they  be  specified  separately  so 
the  designer  can  determine  the  resulting  overall 
noise  level  as  the  various  parameters  (such  as 
divide  ratio,  operating  frequency,  drive  level,  etc.) 
change.  The  plan  then  was  to  come  up  with  a 
minimum  set  of  sources,  measure  various  dividers 
under  various  operating  conditions,  determine  the 
values  of  the  sources  that  would  best  correspond 
to  the  measured  lesults,  and  finally  to  compare  the 
performance  indicated  by  these  sources  to 
measured  performance,  both  for  the  measured 
dividers  and  for  similar  dividers  from  which  the 
source  values  were  not  obtained. 

Assumed  Divider 

The  assumed  divider  chain  is  shown  in  Fig.  3. 
Each  block  is  a  divider  that  is  driven 
asynchronously  by  the  preceding  block  (i.e.,  the 
clock  driving  any  block  does  not  also  go  to 
another  block,  otherwise  the  two  blocks  would  be 
taken  as  one  synchronous  divider). 

’  2  n 

— ^  H  I —  •*!  %  I — 

N  =  Ni  N2  ...  W/i 
Fig.  3.  Basic  Divider 
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Formulation  of  Sources 


Jitter 

The  first  kind  of  noise  that  we  might  consider  is 
time  jitter  within  the  divider  circuitry  (Fig.  4). 


Fig.  4.  Jitter  (identical  stages) 


The  variances  of  the  jitter  in  each  of  the  stages  will 
add  to  produce  a  total  jitter  so  that,  if  the  stages 
are  identical,  the  overall  phase  power  spectral 
density  will  be  proportional  to  the  number  of 
stages.  Time  jitter  is  converted  to  phase  variation 
by  division  by  the  signal  period,  which  is 
equivalent  to  multiplication  by  the  signal 
frequency,  at  whatever  point  in  the  divider  is 
being  considered.  (This  is  why  phase  deviation  is 
divided  by  N  in  going  through  the  divider.)  Thus 
the  effect  of  a  fixed  time  jitter  on  phase  deviation 
at  the  output  is  proportional  to  the  output 
frequency  and  the  power  spectral  density  at  the 
output  is  proportional  to  the  square  of  the  output 
frequency  as  well  as  to  the  number  of  stages. 
Therefore  this  type  of  noise  can  be  represented  at 
the  output  by  a  constant  Kj,  which  is  characteristic 
of  the  divider,  multiplied  by  the  number  of 
identical  stages  and  the  square  of  the  frequency. 
This  is  the  type  of  noise  that  is  represented  by 
Robins’  curves  and  by  the  sloped  part  of 
Kroupa's  curve;  So  rises  6  dB  per  octave  of  Fq- 


Input  Additive  Noise 
The  fourth  source  is  included  to  show  dependence 
on  the  amplitude  of  the  driving  signal,  since 
dividers  in  synthesizers  are  often  driven  by  sine 
waves  rather  than  by  logic  signals.  This  source 
represents  an  additive  noise  at  the  input  rather  than 
a  pure  phase  noise  and,  therefore,  its  conversion 
to  phase  noise  depends  on  the  amplitude  of  the 
driving  signal.  The  output  produced  by  this 
source  is  similar  to  that  produced  by  the  input 
phase  noise  except  that  it  is  inversely  proportional 
to  the  driving  amplitude  (Fig.  6). 


N 


So  =  Kia  /  (P|N2) 


Fig.  6.  Input  Additive  Noise 

Independence  of  Sources 

None  of  the  four  sources  has  the  same 
dependence  on  operating  par..,neters  as  any  other. 
The  effect  of  Kq  on  the  output  is  independent  of 
these  parameters.  The  effect  of  Kip  is 
proportional  to  l/N^.  The  effect  of  Kia  has  an 
additional  dependence  on  driving  power  and  the 
effect  of  Kj  is  inversely  proportional  to  Fq^  as 
well  as  to  the  number  of  identical  non- 
synchronous  stages.  Thus,  not  only  is  this  set  no 
larger  than  necessary  but  each  member  can  be 
differentiated  from  each  other  by  experiments  in 
which  these  various  parameters  are  varied. 


Output  and  Input  Phase  Noise 
The  second  type  of  noise  shown  in  Kroupa's 
curve  is  independent  of  Fq-  This  corresponds  to  a 
phase  noise  generator  at  the  output  of  the  divider 
(Fig.  5).  A  similar  generator  might  exist  also  at 
the  input  of  the  divider  (Fig.  5)  and  would  be 
differentiated  from  the  previously  considered 
source  by  its  dependence  on  divide  ratio. 


So  -  tCip  /  S ff  =  Kq 

Fig.  5.  Input  and  Output  Phase  Noise 


Measurements 

Noise  was  measured  by  a  method  similar  to  that 
used  by  Shearer  (Ref.  1,  Fig.  9).  The  two 
frequency  dividers  are  driven  by  a  common 
source  whose  noise  will  hopefully  cancel  when 
the  phase  of  one  divider  is  measured  against  that 
of  the  other.  Their  counts  are  offset  to  provide 
quadrature  signals  to  drive  the  balanced  mixer 
phase  detector.  The  balanced  mixer  was  chosen 
because  its  noise  properties  are  well  understood. 
However  one  disadvantage  is  that  the  quadrature 
relationship  required  between  the  two  signals 
causes  each  to  have  a  transition  at  a  different  time 
so  that  high-frequency  noise  modulation  from  the 
source  is  not  perfectly  canceled. 
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Additional  Types  of  Sources 
SQmpUns 

The  data  revealed  dependencies  not  covered  by  the 
four  postulated  noise  sources.  These  are 
apparently  due  to  the  effective  sampling  of  the 
phase  noise  at  the  output  frequency  of  the 
divider.^’^  The  phase  is  sampled  because  it  can 
only  be  seen  at  an  output  transition.  Sampling 
produces  aliasing;  noise  at  frequencies  higher  than 
half  of  the  sampling  frequency  is  converted  by 
this  process  to  frequencies  below  half  of  the 
sampling  frequency  and  added  to  the  noise  already 
existing  at  those  frequencies. 

Example 

For  example,  if  the  divider  output  frequency  is 
1000  Hz,  phase  noise  that  has  a  modulation 
frequency  of  1,000,010  Hz  will  produce  the  same 
rate  of  change  of  the  output  phase  as  will  noise  at 
a  10  Hz  rate.  The  same  is  true  for  all  noise 
frequencies  that  offset  by  10  Hz  from  multiples  of 
1000  Hz.  Thus  noise  at  many  higher  frequencies 
is  aliased  on  top  of  the  low  frequency  noise.  If 
the  output  frequency  in  this  example  should  drop 
from  1000  to  100  Hz,  the  number  of  frequencies 
within  any  given  broad  band  of  noise  that  would 
produce  noise  at  a  10  Hz  rate  would  be  ten  times 
greater.  The  number  of  bands  that  are  aliased  into 
the  low-frequency  band  (below  half  of  the  output 
frequency)  from  a  broad  band  of  noise  is  thus 
proportional  to  the  output  frequency.  Thus  a  new 
dependency  arises,  one  that  contains  a  factor  Fq 
(in  So)  to  account  for  this  aliasing.  To  be  general, 
the  four  constants  obtained  above  must  be  retained 
to  account  for  narrow-band  noise,  where  the 
aliasing  contributes  little,  but  to  each  must  be 
added  another  constant  that  differs  only  in  the 
additional  dependence  of  the  output  phase  noise 
on  the  output  frequency.  Thus,  for  any  given 
noise  frequency,  eight  constants  are  required  in 
general,  although  any  of  them  may  be  found  to  be 
negligible  for  a  particular  divider. 

General  Results  for  ECL 

For  the  ECL  dividers  that  were  measured,  the 
most  significant  noise  constants  were  those  for 
additive  output  noise  (corresponding  to  the 
horizontal  part  of  Kroupa's  curve)  and  sampled 
additive  input  noise,  which  varies  inversely  as  the 
input  power,  the  output  frequency,  and  the  square 
of  the  divide  ratio.  The  next  most  significant 
contributor  was  sampled  output  noise,  which  is 


inversely  proportional  to  output  frequency. 
Finally  input  phase  noise  was  given  an  estimated 
value.  The  other  four  constants,  including  the 
jitter  constant  that  produces  the  6  dB/octave  slope 
as  given  by  Kroupa’s  and  Robins’  curves,  were 
estimated  to  be  negligible. 


Data  Extraction 

To  extract  the  values  of  the  constants  from  the 
measured  data,  a  computer- generated  listing  of  the 
data  was  used.  Fig.  7  shows  a  fragment  from 
such  a  list.  The  first  line  is 
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Fig.  7.  Part  of  Data  List 

for  a  -i-16  configuration  where  the  divider  was 
driven  by  a  square  wave.  This  is  assumed  to  act 
like  a  very  large  sinusoid,  based  on  the  slopes  at 
the  level  where  the  divider  is  triggered,  so  a  very 
large  number  was  entered  for  the  signal  power  tc 
eliminate  effectively  any  dependence  on  signal 
power.  Three  of  the  eight  constants  are  visible  on 
the  right.  Each  of  the  values  listed  there  equals 
the  v^ue  that  would  produce  the  measured  output 
noise  by  itself  (without  contribution  from  other 
sources).  A  list  of  this  type  that  has  sufficient 
entries,  made  under  sufficiently  different 
conditions,  enables  the  experimenter  to  go  down 
each  column  under  the  noise  constants  and  look 
for  the  smallest  value.  The  true  value  can  be  no 
larger  than  this  smallest  constant  because,  in  the 
line  in  which  it  appears,  it  is  sufficient  to 
contribute  all  the  observed  noise.  After  the 
maximum  possible  value  for  each  constant  is 
obtained  in  this  manner,  a  somewhat  different  list 
is  run.  That  list  shows  the  theoretical  contribution 
from  the  specified  noise  sources  for  each  set  of 
operating  conditions.  The  total  theoretical  noise 
and  the  measured  noise  are  shown  together  for 
comparison  and  major  contributors  are 
highlighted.  This  listing  facilitates  studying  the 
effects  of  the  various  constants  in  order  to 
improve  the  estimates. 
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Constants  for  F100136  ECL 

Measurements  were  made  on  a  synchronous 
divider,  composed  of  FI 00 136  4- stage  integrated- 
circuit  dividers.  Forty-nine  measurements  were 
taken  with  division  ratios  from  4  to  32  and  input 
powers  from  -8  dBm  to  +10  dBm,  plus  square 
wave.  Input  frequencies  varied  from  1.4  to  80 
MHz.  The  predicted  noise  levels,  based  on  these 
data,  are  given  by  the  equation 

So  =  KiplN^  +  Ko 

+  KiasnFoN2Pi)  +  KoslFo, 

where  =  lO'^-l^  rad^-mW 

and  Afo  =  10'^5-3  Wad^/Hz 

were  the  most  significant  contributers  followed  by 

A'o5=  10-10-13  rad2 
and  then  by  f^p  =  10-14-47  rad^/Hz- 

Except  for  four  points  at  the  lowest  input  levels, 
the  predictions  match  the  data  to  within  +1.3  and 
-1.0  dB  while  varying  over  25  dB.  Eleven  more 
measurements  with  division  by  64  and  input 
powers  between  -6  and  +10  dBm  showed  a 
spread  of  ±1.7  dB  but  the  measured  mean  was 
about  2.5  dB  low  at  this  divide  ratio,  which  we 
were  unable  to  explain. 

It  is  hard  to  justify  the  existance  of  unsampled 
white  noise,  except  at  the  divider's  output,  since 
noise  originating  elsewhere  appears  only  through 
modulation  of  the  switching  instant.  For  this 
reason,  and  because  it  is  not  apparent  why  the 
divider  should  have  input  phase  noise  separate 
from  additive  noise  and  Jitter,  there  is  a  suspicion 
that  Kip  might  represent  band-limited  noise  from 
the  test  generator. 

Use  of  These  with  Other  ECL  Types 

Estimates  of  the  phase  noise  levels  corresponding 
to  data  points  for  other  ECL  dividers,  based  on 
these  constants  obtained  by  measuring  the 
F100136s,  are  shown  in  Fig.  9.  The  measured 
points  are  assumed  to  have  been  obtained  with 
square  wave  or  high  level  inputs  so  that  the 
additive  input  noise  has  no  appreciable  effect, 
leaving  three  constants  to  be  us^  in  the  estimates. 
However,  none  of  the  frequencies  is  low  enough 


for  the  sampled  output  noise  to  be  important.  For 
the  lowest-frequency  data  (2,  12,  13,  14),  only 
the  unsampled  output  noise  source  is  significant 
so  the  estimated  level  there  is  independent  of 
output  frequency  (as  is  much  of  the  measured 
data).  These  points  have  divider  ratios  of  10  or 
20,  which  suppress  the  effect  of  input  phase 
noise,  but  that  source  causes  the  estimate  for  the 
-f-4  (point  3,4)  to  rise  slightly  and  it  becomes  the 
dominant  contributor  to  the  estimate  for  the  +2 
(point  17). 

TTL  Data 

Data  was  also  taken  on  TTL  devices.  The 
resulting  constants  for  four  types  are  given  in  the 
appendix  even  though  they  are  very  tentative  for 
four  reasons:  (1)  data  are  from  earlier 
measurements  made  during  the  evolution  of  the 
measurement  techniques;  (2)  it  is  more  difficult  to 
get  good  data  on  TTL  devices  because  they  are  so 
quiet  (perhaps  that  is  why  designers  have  gotten 
along  as  well  as  they  have  without  divider  noise 
data);  (3)  discrepancies  between  measured  values 
and  values  predicted  from  the  constants  are 
relatively  large,  as  indicated  in  the  last  column  of 
the  table;  and  (4)  the  estimated  values  based  on 
types  7474,  74163,  and  74LS163  predict  levels 
that  are  higher  by  15  to  21  dB  than  the  only  TTL 
data  in  Fig.  D. 

Hope  for  Additional  Data 

It  is  hoped  that  others  will  perform  similar 
measurements  in  order  both  to  verify  our 
measurements  and  give  some  indication  of  the 
spread  to  be  expected  and  to  determine  constants 
for  other  divider  types.  Ideally  such  information 
would  be  included  in  divider  specification  sheets, 
but  until  such  a  time,  designers  will  have  to 
depend  on  their  own  measurements  or  estimates 
based  on  what  may  become  available  in  the 
literature. 

Appendix  :  Tentative  TTL  Data 

Although  the  confidence  level  in  the  following 
values  is  low,  considering  the  scarcity  of  TTL 
data  they  are  being  provided  as  reference  points 
for  future  research  and  possibly  for  cautious  use 
in  design  where  nothing  better  is  available. 
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ESTINAATED  VALUES  OF  CONSTANTS  FOR  TTL 

INPUT 

WORST  ESTIMATES 

laima 

Kia 

Kias 

Ko 

Kos 

Ki  . 

Esmrn 

KITHIMTW 

74LS163 

-145.5 

-87.5 

-277.6 

■■1 

Logic 

4.3 

5.0 

74ALS74 

-150.5 

-278.6 

note  A 

4.0 

4.5 

74S74 

-69.4 

-150.5 

-90.5 

-283.6 

note  A 

5.1 

22.3 

7474 

■I 

-68.4 

-153.5 

-96.5 

-276.6 

note  A 

1.4 

3.2 

74163 

ilHi 

-85.5 

-69.7 

-157.3 

-218.2 

note  B 

5.2 

8.3 

LOWEST  MEASURED  VALUES  FOR  TTL  (-  upper  bounds) 

Kip 

Kips 

Kia 

Kias 

Ko 

Kos 

Ki 

Kjs 

74LS163 

■131.5 

-65.5 

-145.5 

-87.5 

-277.6 

-210.5 

Logic 

74ALS7< 

-132.5 

-73.4 

-122.5 

-63.4 

-150.5 

-96.5 

-278.6 

-209.5 

note  A 

74S74 

■131.5 

-69.4 

-121.5 

-59.4 

-150.5 

■90.5 

-283.6 

-213.5 

note  A 

7474 

-131.5 

-68.4 

-121 .5 

-58.4 

-150.5 

-93.5 

-276.6 

-210.5 

note  A 

74163 

-140.2 

-85.5 

-133.5 

-69.7 

-157.3 

-103.3 

-284.2 

-218.2 

note  B 

Note  A:  Estimated  input  levels.  Note  B;  Various  input  levels. 

Table  1.  Tentative  Values  of  Noise  Constants  for  Some  TTL  Dividers 


-120 

-130 

-140 

-150 

-160 

-170 

-180 

0.1  1  10  100  1000 

/^(MHZ) 


Fig.  8.  Reported  Data  Superimposed  on  Earlier  Estimates 

Curves  1-14,  see  Table  1  in  Ref.  4.  Curves  15  and  16,  ref._*.  Curve  17,  ref._^ 
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Fig.  9.  Comparison  of  Predicted  and  Measured  Values 
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Abstract 

There  is  a  need  for  reference  frequency  sources  with 
high  spectral  purity  in  the  frequency  range  of  5  to 
10  MHz.  The  regular  oscillators  operating  at  these 
frequencies  exhibit  a  spectral  purity  with  a  phase 
noise  floor  of  the  order  of  -155  dB  (0  dB  =  1  raa^/Hz) 
for  Fourier  frequencies  higher  than  1  kHz.  On  the 
other  hand,  oscillators  at  higher  frequencies  (VHF, 
UHF  or  Microwaves)  have  a  fractional  frequency 
fluctuation  power  spectrum  Sy(f)  which  is  better  at 
1  kHz  from  the  carrier  and  farer.  Regenerative 
frequency  dividers  with  input  frequency  in  the  range 
of  100  MHz  to  1  GHz  were  studied.  The  phase  noise  of 
such  dividers  shows  a  1/f  spectrum  corresponding  to  - 
155  dB.  These  performances  are  much  better  than 
those  of  GaAs  digital  frequency  dividers.  Using  these 
regenerative  frequency  dividers  at  the  VHF  output  of 
a  synthesizer,  a  frequency  source  of  high  spectral 
purity  was  achieved,  working  in  the  range  of  5  to  20 
MHz.  It  can  be  used  to  test  the  spectral  purity  of 
oscillators  in  this  frequency  range. 


1.  Introduction 

In  frequency  metrology  low  noise  dividers  are  used 
especially  in  synthesized  signal  generators.  Analog 
dividers  show  some  advantages  compared  to  digital 
ones,  due  to  the  higher  input  frequency  and  lower  1/f 
noise  and  noise  floor  performance.  In  the  last  years 
monolithic  implementations  of  the  regenerative 
divider  have  been  proven  to  be  feasible,  by  means  of 
various  technologies  [1,  2],  thus  making  this  scheme 
more  attractive. 

Although  the  regenerative  scheme  appeared  in  the 
literature  a  long  time  ago  and  was  explained  in  recent 
papers  [3,  4]  only  a  few  experimental  results  dealing 
with  phase  noise  have  been  published.  An  overview  of 
the  frequency  dividers  operation  is  given  in  section  2. 
We  have  realized  and  measured  the  phase  noise  of  a 
regenerative  frequency  halvers  chain.  The  experi¬ 
mental  results  are  presented  in  section  3. 

This  regenerative  divider  chain  can  be  used  to  obtain, 
in  the  R.F.  domain,  a  synthesized  signal  with  very 
high  spectral  purity.  The  noise  floor  of  the  synthesized 
signal  of  the  order  of  -160  dB.  An  application  of 
these  dividers  is  presented  in  the  last  part  of  this 
paper. 


2.  Frequency  dividers  operation 

The  block  diagram  of  a  regenerative  frequency  divider 
by  N  -f  1  is  shown  in  Fig.  1. 

Mixer  f'nucr  Spl  i  tier 


Input 


>  Output 


Phase  lag 
Fig. 1 : 

Block  diagram  of  a  regenerative  frequency  divider 

The  mixer  is  a  nonlinear  3-port  device.  The  combined 
action  of  mixer  and  filter  is  such  that  the  IF  frequency 
/■..is 

/•=/■_/■  (I) 

'o  'K 


At  the  output  of  the  multiplier,  //.  =  Nfo,  and  a 
synchronous  mode  of  operation  is  established,  with 

Regeneration  normaly  starts  from  the  thermal  noise, 
and  the  loop  gain  at  low  level  must  be  greater  than 
unity  ;  this  condition  is  not  always  realized  when  a 
multiplier  is  inserted  in  the  loop.  Additionaly,  the 
loop  gain  must  be  less  than  unity  for  zero  output  when 
the  input  signal  is  removed. 

We  were  interested  by  a  chain  of  frequency  dividers 
by  2,  which  give  us  a  signal  in  the  frequency  range  5  - 
20  MHz  from  the  output  of  a  synthesizer  at  160  MHz. 
The  frequency  dividers  by  2  have  no  multiplier  in  the 
loop  :  a  low-pass  filter  can  be  introduced  at  the  output 
of  the  mixer. 

The  transfer  function  of  this  n**'  order  low  pass  filter  is 
of  the  form  H(f)  =  1/1  +  j  (f  I  f,  )''.  the  mixer 
introduces,  at  first  order,  a  translation  of  the  low-pass 
frequencies  around  the  input  frequency  f„. 
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We  obtained  a  total  frequency  response  f/ylr) 


t/) 


(2) 


This  is  a  band-pass  response.  The  phase  lag 
introduced  by  this  filter,  including  the  effect  of  the 
amplifier,  can  easily  met  the  requirement  of  stability 
over  a  large  bandwidth. 

The  noise  at  the  output  of  the  frequency  divider  is  the 
phase  noise  of  the  input  signal,  divided  by  the  division 
ratio,  and  increased  by  the  contribution  of  the  noise 
generated  in  the  loop,  the  most  significant  source  of 
noise  being  the  amplifier.  The  close  loop  phase 
condition  of  the  divider  is 

T  +  V  "  u  i  '3) 

where  y  is  the  phase  lag  introduced  into  the  loop, 
H  and  ‘T  are  the  phase  at  the  L.O.  input  and  at  the  I.F. 
output  of  the  mixer,  the  phase  of  the  RF  input  being 
used  as  the  phase  reference.  A  phase  gain  G  =  H'VIdO 
can  be  defined. 


At  the  output  of  an  ideal  mixer,  4^  =  -H,  and  the  phase 
gain  f7  =  -1.  The  output  phase  noise  spectrum  S(i(/)  is 
related  to  the  internal  phase  noise  spectrum  .S\(/)  by 
the  relation 


.s„0 


(•1) 


S^(f)  is  the  spectral  density  of  the  phase  noise 
contribution  of  the  amplifier,  being  the  other  noise 
sources  within  the  loop  generally  negligible. 

In  fact,  in  a  real  mixer,  many  harmonics  of  the  two 
input  signals  give  a  contribution  to  the  output,  each 
one  with  its  own  phase.  This  is  the  base  of  a  phase- 
gain  phenomenon.  The  loop  gain  can  attenuate  the 
phase  perturbations  arising  inside  the  loop  |5|.  We 
can  choose  a  working  point  with  a  strong  harmonic 
distorsion  in  order  to  achieve  G  <  -1,  and  this 
improves  the  noise  performances  of  the  divider. 

We  prefered  to  keep  the  harmonic  levels  small,  this 
approach  being  recommended  for  wideband 
applications.  The  noise  level  of  the  divider  is  still  very 
low,  and  appropriate  for  our  application. 


3.  Frequency  divider  noise  performances 

We  have  built  two  identical  chains  of  frequency 
dividers  by  2  operated  at  1  GHz  input  frequency 
(Fig.  2). 


The  first  divider  has  a  power  splitter  with  a  limited 
bandwidth  of  600  MHz.  It  acts  as  a  low  pass  filter.  The 
low  pass  filter  of  the  second  divider  is  built  with  two 
toroidal  cores  and  a  capacitor. 


b 


Fig.  2  :  A  frequency  divider  chain 
(a)  Topview 
(b)  Bottom  view 


The  phase  noise  of  each  divider  is  measured,  using  the 
classical  differential  scheme  with  two  identical 
frequency  halvers.  The  phase  quadrature  condition  at 
the  input  of  the  mixer  has  been  realized,  using  a 
different  equilibrium  state  for  each  frequency  halver. 

The  phase  noise  spectrum  of  the  output  of  a  frequency 
divider  chain  appears  to  be  independent  of  the 
number  of  frequency  dividers  in  the  chain.  Figure  3 
represents  the  output  noise  of  a  divider  by  eight  : 
1  GHz  -  125  MHz.  We  observe  a  noise  floor  of -165  dB, 
and  a  flicker  noise  of  -165  dB  for  a  Fourier  frequency 
of  1  kHz.  The  harmonics  of  the  output  signal  are 
rejected  at  least  by  30  dB  without  using  an  external 
filter  (Fig.  4).  The  operating  frequency  range  of  this 
divider  chain  is  of  the  order  of  300  MHz. 


Fig.  3  :  Phase  noise  spectrum  of  a  divider  by  8 
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Fig.  4  :  Output  signal  spectrum  of  a  divider  chain 


This  low  noise  regenerative  divider,  which  can  be 
built  with  a  monolithic  implementation  is  very 
attractive  in  comparison  with  an  emitter-coupled 
logic  divider.  Apart  from  the  better  noise 
performances,  the  output  signal  is  quasi  sinusoidal, 
which  is  an  advantage  over  the  ECL  divider. 


4.  A  regenerative  frequency  divider  application 

Modern  synthesizers  generally  use  an  heterodyne 
synthesis  for  output  frequencies  lower  than  100  MHz 
and  direct  synthesis  for  frequencies  upper  than 
100  MHz.  The  noise  floor  versus  the  output  frequency 
of  this  type  of  synthesizers  is  represented  on  Fig.  5. 

This  synthesizer  exhibits  its  best  performances  for 
output  frequencies  in  the  range  100  -  300  MHz.  A 
synthesized  signal  with  very  high  spectral  purity 
could  thus  be  obtain  in  the  R.F.  frequency  domain,  10 
MHz  to  30  MHz  for  example,  by  using  the 
regenerative  divider  whose  effect  is  represented  on 
Fig.  5  by  arrows.  A  divider  ratio  of  16,  that  is  24, 
rejects  the  noise  floor  of  a  160  MHz  output  signal  of 
the  synthesizer  by  24  dB,  and  the  limitation  comes 
from  the  internal  noise  floor  of  the  divider,  which  is 
-165  dB  as  measured  previously. 


S  ^  noise  f  toor 


We  built  a  regenerative  divider  chain  with  a  divider 
constant  of  16.  The  input  frequency  is  centered  at 
160  MHz  and  the  operation  bandwidth  is  75  MHz.  The 
output  signal  at  10  MHz  of  this  device  is  used  as  a 
spectral  reference  signal  to  measure  the  phase  noise 
spectrum  of  a  10  MHz  quartz  crystal  oscillator.  The 
result  is  shown  on  Fig.  6,  and  this  spectrum  must  be 
compared  to  the  phase  noise  spectrum  of  the  quartz 
oscillator,  obtained  by  the  classical  method  using  two 
identical  oscillators  (Fig.  7).  The  noise  floor  at  160  dB 
of  the  quartz  oscillator  is  correctly  measured  with  the 
synthesizer  and  regenerative  divider  chain. 
Conversely,  the  same  measurement  has  been  made 
using  ECL  divider  chains,  and  the  best  noise  floor  we 
can  obtain  is  -152  dB.  The  phase  noise  of  the  ECL 
divider  appears  to  be,  in  any  case,  preponderant. 
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Fig.  6; 

Phase  noise  spectrum  of  a  10  MHz  quartz  oscillator 
Reference  :  output  signal  of  the  divider  chain 
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Fig.  7  : 

Phase  noise  spectrum  of  a  10  MHz  quartz  oscillator 
Measurement  method  using  2  identical  oscillators 


Fig.  5  :  Noise  floor  of  a  frequency  synthesizer 
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Conclusion 


The  measurement  of  the  phase  noise  performance  of 
regenerative  frequency  dividers  indicates  that  this 
type  of  analog  dividers  is  capable  of  providing  much 
lower  phase  noise  than  conventional  ECL  dividers. 
The  regenerative  divider  can  be  used  to  obtain  a  quasi 
sinusoidal  signal  of  high  spectral  purity  in  the  R.F. 
domain,  when  the  VHF  input  frequency  of  ^e  divider 
is  delivered  by  a  modern  frequency  synthesizer. 

This  synthesized  signal  can  be  used  to  test  the 
spectral  purity  of  an  oscillator  whose  frequency  lies 
anywhere  in  the  range  5  to  20  MHz,  the  noise  floor  of 
the  measurement  being  of  the  order  of -165  dB. 
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ABSTRACT:  This  paper  derives  the 

response  of  single  oscillator  phase  noise  test 
setups.  Both  AM  and  PM  noise  responses  are 
described  as  a  function  of  the  noise  frequency 
and  setup  scattering  parameters.  The 
response  of  a  three  resonant  cavity  setups  are 
compared  to  the  response  of  the  delay  line 
setup.  The  effect  of  cavity  O  and  coupling  on 
the  setup  response  is  shown  for  three 
resonant  cavity  configurations. 


INTRODUCTION 

Oscillators  have  been  described  by  a  single 
carrier  contaminated  with  amplitude  noise  ( 
AM  )  and  phase  noise  (  PM  )  [1].  AM  and 
PM  noise  will  appear  as  sidebands  when  the 
oscillator  output  is  viewed  on  a  spectrum 
analyzer.  Accurate  measurement  of  these 
noise  spectrums  has  typically  required 
hardware  which  translates  the  noise  spectrum 
from  around  the  carrier  to  zero  frequency. 
For  AM  noise  this  is  accomplished  using  a 
simple  square  law  detector.  PM  noise 
measurement  requires  more  complicated 
setups  using  a  frequency  discriminator  and 
mixer. 

A  typical  frequency  discriminator  phase 
noise  setup  is  shown  in  figure  1.  The 
oscillator  output  is  split  in  half  using  a  power 
divider.  The  two  halves  pass  through  separate 
networks  and  are  then  multiplied  together 
using  a  mixer.  The  mixer  output  Z  contains 
a  filtered  version  of  the  phase  noise  power 
spectrum.  A  well  known  example  of  this 
technique  replaces  network  X  of  figure  1  with 


Figure  l:  TYPICAL  SETUP 


a  short  and  network  Y  with  a  coaxial  delay 
line.  Another  method  replaces  network  Y 
with  a  resonant  cavity  [1][21  as  shown  in 
figure  2. 


This  paper  modifies  the  network  shown  in 
figure  1  to  the  network  shown  in  figure  3. 
The  network  of  figure  3  models  the  oscillator 
as  an  ideal  source  with  inputs  for  AM  and 
narrow  band  PM  modulation. 

Networks  X  and  Y  are  assumed  to  be  linear 
functions  of  frequency.  The  noise  output  Z  as 
the  sum  of  a  filtered  AM  and  PM  spectrums. 
This  technique  was  used  by  Lesage  and 
Audion  [3]  to  describe  phase  noise 
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Figure  3:  SETUP  MODEL 


measurement  using  filters.  This  approach 
assumes  low  levels  of  AM  and  PM 
modulation  to  develop  a  linear  system 
response.  The  output  spectrum  at  Z  can  be 
described  using  the  following  equations. 

Sg  ( W )  =  OSCILLATOR  AM  NOISE  PSD 
( 0) )  =  OSCILLATOR  PM  NOISE  PSD 
S2e(fa>)  =||Hg(0))  pS^(G))  OUTPUT  AM 
S^((0)  =||//^(w)  |2s^(u))  OUTPUT  PM 
S^((o)  =S^g{(a)  +S2^((i)) 

(1) 


The  oscillator  is  modeled  as  a  cosine  wave 
with  AM  and  PM  modulation. 

v(t)  =  (1+e)  cos  (o)  ot+<t)) 

=  {l+e)  [cos  (o)  gt)  cos  ((()) 
-sin(Qot)  sin(<|))  ] 

“  (1+e)  cos  (w  ot)  -(|>sin(<i)  ^t) 

If  the  modulation  levels  are  small  in 
amplitude  and  at  low  frequencies  the 
oscillator  can  be  approximated  as  follows. 

e=e  oCOS  (ti  t+a )  AM  MODULATION 
«t)=4>  oCOS  ( T1 1+ p )  PM  MODULATION 


0)  OSCILLATOR  FREQUENCY 
T|=  MODULATION  FREQUENCY 
e^,a=  AM  AMPLITUDE  .  PHASE 
4>o,  P=  PM  AMPLITUDE  ,  PHASE 

This  model  describes  PM  noise  using  the 
accepted  narrow  band  PM  modulation 


approximation.  Converting  v(t)  into  the 
frequency  domain  yields; 

V^((o)=-|6(o>„)+A6(-o)^) 

*u  6((i)g+T))  +i 
+  u*6  (-w^-q)  +i*fi  (-Wg+q) 


4  4j 

u=  — eJ“-  — 
4  4j 


Where  the  terms  u  and  I  contain  the  upper 
and  lower  sideband  products  due  to  the  AM 
and  PM  modulation. 


The  modulated  oscillator  output  is 
connected  to  the  input  of  the  test  setup. 
Since  networks  X  and  Y  are  linear,  the  output 
of  those  networks  in  the  frequency  domain  is 
obtained  by  multiplying  the  oscillator 
spectrum  by  the  network  scattering 
parameters.  If  the  X  and  Y  are  networks  real 
then  the  following  is  true. 

5(o>)  =5*  (-W) 

The  outputs  of  networks  X  and  Y  are 
multiplied  in  the  time  domain  by  the  mbcer. 
The  equivalent  operation  in  the  frequency 
domain  is  convolution.  Performing  the 
convolution  and  keeping  only  the  terms  at  the 
modulation  frequency  yields: 

Terms  at  twice  the  modulation  frequency 
appear  but  are  at  levels  proportional  to  the 
square  of  the  AM  and  PM  levels.  These 
terms  are  extremely  small  and  have  been 
neglected.  DC  and  double  frequency  terms 
have  also  been  dropped.  Dividing  the  above 
result  by  the  oscillator  modulation  functions 
yield  the  desired  system  response  functions. 


Z(q)  =  (lh^*u*hj  S  (-n) 

*i=-|  (^S*{(j}^)SyiU>^-n) 

+  5j^(Oo-Tl)Sy  (Wg)  ) 

i2u=-|  (S;{Wo)Sy(Wo+Tl) 
+5j^(g)o+ti)  5^;  (Qq)  ) 


H^(T])  = 


2J 


He(n)  = 


(2) 

PM  RESPONSE 


(3) 

AM  RESPONSE 


tl  Hg  |l2=COs2(OoT)COs2(nT/2) 

II  ||2=sin2(<joT)sin2("T/2) 


RESONANT  CAVITIES 
The  performance  of  phase  noise 
measurement  setups  using  resonant  cavities 
can  be  evaluated  using  cavity  scattering 
parameters  and  the  results  of  equations  1,2 
and  3.  The  following  formulae  describe  the 
transmitted  and  reflected  waves  of  a  two  port 
cavity  network. 


_ t _ 

1+jgj  (a>/ci>  j,-&>  Joi) 


TRANS. 

REF. 


The  power  spectral  density  of  the  noise  at  the 
mixer  output  Z  is  found  by  inserting  equations 
2  and  3  into  equation  1.  The  ideal  PM  noise 
measurement  setup  would  set  equation  2 
equal  to  one  and  equation  (3)  equal  to  zero. 
None  of  the  configurations  described  in  this 
paper  achieve  those  goals.  The  ideal  AM 
noise  measurement  setup  is  a  square  law 
detector  where  S^=  1  and  Sy=  1.  Resulting  in 
equation  (2)  equal  to  zero  and  equation  3 
equal  to  one. 

The  performance  of  a  delay  line 
discriminator  can  be  derived  by  inserting  the 
following  scattering  parameters  for  a  short 
and  delay  line  respectively. 


s^=i/4^ 


r=5ii  ( G)  RETURN  AT  RESONANCE 
t=52i(o)c)  TRANSMISSION 
0)^=  CAVITY  RESONANT  FREQUENCY 


Ou= 

CAVITY  UNLOADED  Q 

n  = 

LOADED  Q 

ir  = 

a-rl2 

INPUT  COUPLING 

l-r2-t2 

Zr  = 

CROSS  COUPLING 

The  coupling  parameters  r  and  t  control  the 
cavity  coupling  and  the  loaded  Q  of  the 
cavity.  The  following  plot  shows  the  ratio  of 
loaded  Q  to  unloaded  Q  as  a  function  of 
r(horiziontal  axis)  and  t(vertical  axis).  Energy 
conservation  requirements  limit  r  and  t  to 
inside  the  unit  circle. 

1>  r^+t^  ENEGRY  CONSERVATION 


The  3db  power  divider  loss  is  included  in 
these  equations.  The  resulting  AM  and  PM 
responses  match  previously  published  results 

[4]. 

PHASE  NOISE  MEASUREMENT  USING 


PERFORMANCE  COMPARISONS 
The  equations  developed  above  for  test 
setup  performance  and  network  scattering 
were  computer  analyzed.  The  results  reflect 
the  performance  of  setups  with  ideal 
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components.  No  mismatches  or  component 
noise  effects  are  included.  Three  cavity 
discriminator  and  one  delay  line  test  setup  are 
compared. 


The  first  cavity  discriminator  setup  and  the 
delay  line  setup  have  been  described  by  Walls 
[1]  and  others.  The  second  and  third  cavity 
setups  were  proposed  by  Dick  [5]  as  STALO 
oscillator  configurations.  Figures  4  and  5 
shown  the  second  and  third  cavity 
discriminator  configurations.  Equations  2 
and  3  may  also  be  applied  to  the  phase 
stabilization  loop  of  a  STALO  to  determine 


Figure  5:  CAVITY  TRANS.  &  REF. 


the  magnitude  and  phase  response  of  the 
phase  stabilization  loop.  The  cavity  coupling 
parameters  used  in  the  following  figures  were 
selected  by  computer  analysis.  Values  were 
selected  that  yielded  the  maximum  PM 
response  at  low  noise  frequencies.  These 
operating  points,  given  in  table  I,  caused  the 
cavity  Q  to  fall  to  one  quarter  of  the 
unloaded  Q. 

Table  I  Setup  analysis  data 


r  t 

transmission  0.0  0.707 

reflection  -0.5  0.0 

trans.  &  ref.  0.183  0.683 

cavity  0^=250,000 
cavity  fj,=l  GHZ 

delay  line  =33.3  usee 


The  following  two  figures  plot  the  setup  AM 
and  PM  responses  in  DB  on  the  vertical  axis. 
The  horizontal  axis  is  the  noise  frequency. 
The  cavity  discriminator  setups  proposed  by 
Dick  [5]  yield  better  PM  performance  than 
the  standard  transmission  configuration.  All 
the  cavity  configurations  show  reduced  AM 
rejection  at  large  frequency  offsets.  The 
sensitivity  of  the  cavity  discriminator  setups  is 
improved  by  increasing  the  Q  of  the  resonator 
as  described  by  Walls  [1]. 
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PHASE  NOISE  RESPONSE 


AM  NOISE  RESPONSE 


SUMMARY 

This  paper  has  developed  a  technique  for 
estimating  the  performance  of  AM  and  PM 
carrier  noise  measurement  setups.  Setup 
performance  can  be  estimated  using  computer 
models  for  the  components  or  actual 
measured  S  parameter  data.  Computer 
modeling  of  the  networks  and  using  actual 
measured  data  has  the  advantage  that  the 


effects  of  mismatches  are  included  in  the 
results.  This  analysis  assumed  ideal 
components  with  perfect  matching  and  no 
internal  noise  contributions.  Hence  the 
results  of  this  paper  represent  theoretical 
setup  performance;  real  components  with 
mismatches  and  internal  1/f  noise  will 
degrade  performance. 
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Abstract 

A  dc  electric  field  applied  to  a  quartz  plate  resonator  causes 
changes  in  the  elastic  constants  which  can  lead  to  a  change  in  the 
frequency  of  the  resonator.  This  effect,  known  as  the  polarizing 
effect,  has  been  shown  to  be  extremely  linear.  We  have  used 
this  effect  to  build  a  phase  modulator  with  2nd-harmonic 
distortion  that  is  at  least  117  dB  below  the  tundamental 
modulation  and  low  added  phase  noise.  A  description  of  the 
modulator  as  well  as  methods  of  measurement  are  discussed. 


INTRODUCTION 

To  find  the  center  of  a  resonance  curve  accurately,  either  phase 
or  frequency  modulation  techniques  are  used  to  guide  the  servo 
[1-6].  As  the  resolution  requirements  increase  so  do  the 
requirements  on  the  spectral  purity  of  the  modulation  reference 
and  the  linearity  of  the  modulator.  2nd-harmonic  distortion  in 
sine  wave  modulators  can  lead  to  offset  errors.  The  design  goals 
for  NIST-7,  a  new  optically  pumped  cesium  beam  frequency 
standard,  is  that  the  servo  resolve  line  center  to  an  accuracy  of 
1  ppm.  This  requires  that  the  modulation  reference  and  the 
modulator  maintain  2nd-harmonic  distortion  approximately  114 
dB  below  the  fundamental  modulation  [1,2].  The  2nd-harmonic 
distortion  requirements  on  the  demodulator  are  approximately  - 
65  dB  and  not  a  significant  problem  [1,2].  Traditional  methods 
of  phase  modulation  have  not  demonstrated  such  high  linearity; 
thus  a  new  technique  is  required.  We  describe  a  new  type  of 
small-angle  analog  phase  modulator,  based  on  the  polarizing 
effect  in  quartz  resonators,  which  is  exceptionally  linear  [7-12]. 
Measurements  on  three  such  devices  show  that  the  2nd-harmonic 
distortion  is  at  least  117  dB  below  the  fundamental  modulation. 
The  phase  modulator  has  very  low  added  noise  so  as  to  minimize 
noise  contributions  at  the  2nd-harmonic  of  the  modulation 
frequency  [3].  We  also  discuss  the  measurement  techniques  to 
verify  this  performance. 

MODULATION  ERRORS 

If  phase  modulation  of  the  form 

A0  =  B  cos  Ot  (1) 

is  used  and  the  error  detection  is  done  at  the  fundamental,  2nd- 
harmonic  distortion  with  phase  cos  2(h  leads  to  offset  errors 
[1,2].  Real  phase  modulators  have  small  nonlinearities  which 
generate  small  components  of  modulation  at  multiples  of  the 
modulation  frequency. 

Contribution  of  the  U.S.  Government,  not  subject  to  copyright. 


Assume  that  the  realized  phase  modulated  signal  is  of  the  form 

b)  =  b),-i-B  cos  Ot  -  Mj,  sin  2Qt  -t-  M^  cos  20t,  (2) 

where  0/(21-)  is  the  modulation  frequency  and  hi,/(2T)  is  the 
average  frequency  of  the  probe  oscillator.  Coefficients  M;^  and 
M,,.  contain  the  effects  of  second  harmonic  distortion  in  the 
modulation  process  under  the  assumption  that  the  residual 
modulation  at  harmonics  of  0  in  the  reference  signal  are  small 
compared  to  that  imposed  by  the  modulator.  Neglecting  higher 
harmonic  effects  and  nonlinearities  in  the  detection  process,  the 
offset  in  the  error  signal  is  [2] 

Frequency  offset  =  -1/2  M,,..  (3) 

The  NIST-7  servo  requires  resolving  line  center  to  an  accuracy 
of  1  part  in  a  million.  Therefore  the  2nd-harmonic  distortion  of 
the  phase  represented  by  Mj,  must  be  less  than  2  x  lO^B  or  at 
least  1 14  dB  below  the  fundamental  modulation  [1,2]. 


POLARIZING  EFFECT  MODULATOR-THEORY 

When  a  vibrating  piezoelectric  resonator  is  subjected  to  a  dc 
electric  field,  AE,  it  responds  by  a  change,  Ai'  in  its  resonance 
frequency  v  [7-13].  The  polarizing  effect  in  quartz  resonators  is 
so  nearly  linear  that  it  can  be  adequately  described  using  only  the 
1st-  and  2nd-order  terms  of  the  Taylor  expansion  about 
E  =  0.  Therefore, 


Ai'/k  =  Pl  AE  -f  Pq  AE^  (4) 

where 

Pl  =  l/Kdi^/dE)  at  E=0  and  (4A) 

Pq  =  l/(2i')  (dV/dE^  at  E=0.  (4B) 

For  a  resonator  to  exhibit  a  polarizing  effect  there  must  be  a 
component  of  E  along  the  x-axis  of  the  quartz  resonator. 
Additional  discussion  including  the  effects  of  ion  migration 
altering  the  sensitivity  for  dc  applied  electric  fields  are  found  in 
[11-13].  Typical  values  for  P^  and  Pq  are  on  the  order  of  10  " 
to  Kf”  and  10*  to  Ifr’',  respectively,  depending  on  the  crystal 
cut  and  overtone  used  [7-9]. 
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Near  line  center  the  steady  state  phase  shift  across  a  high  Q 
resonator  is 

^<t>  =  2Q  (i»  -  >'o)/*’o. 

where  i>  is  the  applied  frequency,  Vo  is  the  resonance  frequency 
of  the  resonator,  and  Q  is  the  loaded  quality  factor  of  the 
resonator.  Thus  a  frequency  change  Av  in  the  frequency  of  the 
resonator  generated  by  applying  an  electric  field  E  across  the 
resonator  results  in  a  phase  shift 

M  =  2Q(Pl  AE  +  Pq  AE^.  (6) 

POLARIZING  EFFECT  MODULATOR-PRACTICAJ. 
REALIZATION 

Figure  1  shows  a  generalized  schematic  of  the  polarizing  phase 
modulator.  A  balanced  transformer  and  adjustable  capacitor  C, 
are  used  to  minimize  off  resonance  transmission.  A  3rd 
overtone  SC-cut  5  MHz  resonator  was  chosen  because  the 
polarizing  coefficient  was  much  larger  [8]  and  both  the  static  and 
dynamic  temperature  coefficients  are  much  better  than  for 
comparable  AT-cut  units  [13].  The  resonator  was  temperature 
controlled  in  a  standard  crystal  oven  at  80n!  and  tuned  to 
resonance  by  adjusting  C,.  Tuning  to  resonance  was  determined 
by  nulling  the  amplitude  modulation  observed  on  a  detector 
diode  placed  at  the  output  when  a  slow  modulation  voltage  is 
applied  across  the  resonator  through  R,  and  L,.  No  other 
alignment  or  adjustment  is  necessary.  The  isolation  amplifier  on 
the  output  of  the  modulator  provides  overall  unity  gain  and 
removes  the  effects  of  changing  loads  on  the  tuning  of  the 
resonator. 

For  NlST-7,  a  phase  modulation  of  approximately  0.55  mrad  is 
required  at  5  MHz  to  achieve  a  phase  modulation  of  1  radian  at 
the  final  output  frequency  of  9.2  GHz  The  desired  modulation 
frequency  Q/(2»)  =  49  Hz  is  much  larger  than  the  half¬ 
bandwidth  of  the  resonator.  At  such  high  modulation 
frequencies  the  phase  shift  across  the  resonator  becomes 


A4,  =  12Q{PlAE  +  PpAE’))!!  +  ((QO/(t.-„))’1',  (7) 

where  >>0/(20)  is  the  loaded  half-bandwidth  of  the  resonator. 

Figure  2  shows  the  relative  amplitude  of  the  phase  modulation  as 
a  function  of  modulation  frequency.  These  results  follow  Eq.  (7) 
within  ±  0.5  dB  for  modulation  frequencies  from  0.1  up  to  at 
least  400  Hz. 

Approximately  7  V  (6400  V/m)  RMS  is  required  to  achieve  the 
desired  modulation  level  using  a,  3rd  overtone  SC-cut  5  MHz 
quartz  crystal  and  a  modulation  frequency  of  49  Hz.  This 
corresponds  to  a  dc  linear  polarizing  sensitivity  of  Pl  =  2,6 
±0.3  X  10’^  m/V.  The  difference  between  our  data  (which  is 
about  a  factor  of  5  smaller)  and  that  found  by  Hruska  |7,8]  is 
probably  due  to  the  difference  in  the  electrode  patterns,  cut 
angle,  and  the  shape.  The  measurements  of  Pl  for  a  particular 
resonator  can  easily  be  made  to  an  accuracy  of  a  few  percent 
with  our  technique,  which  is  free  from  effects  due  to  ion 
migration  [11-13].  From  the  relative  values  of  Pl  and  Pq  from 
[8]  and  the  shape  of  Fig.  3  we  would  expect  that  the  second 
harmonic  distortion  due  to  the  resonator  to  be  approximately  126 
dB  below  the  fundamental.  Even  lower  harmonic  distortion 
would  be  expected  if  the  modulation  frequency  was  lower  since 
a  lower  voltage  would  be  required  to  achieve  the  same  phase 
modulation  angle. 

The  added  phase  noise  is  somewhat  lower  (typically  i?(10)  = 
-134  dBc/Hz  and  ^(100)  =  -  154  dBc/Hz)  Aan  the  present 
5  MHz  oscillator.  (Techniques  for  measuring  the  added  phase 
noise  of  components  are  discussed  in  [I4,15J.)  Further 
improvements  in  the  phase  noise  appear  possible.  The  added 
white  frequency  contribution  of  a  passive  standard  due  to  the 
present  level  of  added  phase  noise  at  the  second  harmonic  of  the 
modulation  frequency  (20  =  100  Hz)  is  approximately  2  x  10 
r  ^  [31. 
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Figure  2.  Relative  phase  modulation  of  the  output  signal  as  a 
function  of  the  frequency  of  modulation.  The  open  circles  are 
the  predictions  using  Eq.  (7)  and  the  half-bandwidth 
measured  from  transmission  experiments.  The  solid  points  are 
the  phase  modulation  levels  obtained  from  phase  bridge 
measurements  [14,15]. 


The  dynamic  range  of  most  spectral  analyzers-ffom  60  to  100 
dB-is  not  enough  to  observe  2nd-harmonic  levels  expected  to  be 
120  dB  below  the  fundamental.  Some  filtering  is  therefore 
required  to  extend  the  dynamic  range  to  this  level.  The  general 
approach  is  to  arrange  the  various  tests  so  that  the  fundamental 
modulation  signal  is  nulled  against  another  signal  by  at  least  40 
dB  before  interacting  with  a  phase  detector,  spectrum  analyzer, 
or  other  nonlinear  device.  We  compared  3  different  devices  to 
determine  the  distortion  characteristics  of  each  modulator. 
Figure  3  shows  the  test  setup  used  to  compare  the  difference  in 
phase  modulation  of  two  modulators.  The  mixer  is  sensitive  to 
only  the  difference  in  the  phase  modulation  level  between  the 
two  modulators.  The  input  reference  level  to  one  modulator  is 
adjusted  to  achieve  the  required  O.SS  mrad  phase  modulation. 
The  input  modulation  signal  to  the  other  modulator  is  adjusted  in 
amplitude  and  phase  to  null  the  demodulated  fundamental  signal 
at  the  output  of  the  mixer.  Typical  reduction  of  the  fundamental 
was  40  to  60  dB. 


The  out-of-phase  distortion  products  between  two  modulators  at 
frequency  Q/tt  were  measured  by  driving  the  second  modulator 
with  the  output  signal  from  the  first  modulator,  applying 
modulation  signals  that  are  180°  out  of  phase  and  using  the 
unmodulated  signal  from  the  power  splitter  to  drive  the  reference 
side  of  the  mixer.  See  Fig.  4.  Great  care  must  be  taken  not  to 
introduce  spurious  signals  due  to  residual  amplitude  modulation 
since  typical  double  balance  mixers  only  provide  30  to  40  dB  of 
AM  suppression.  The  worst  case  2nd-harmonic  distortion 
between  the  three  modulators  was  -117  dB  relative  to  the 
fundamental  modulation.  A  typical  result  is  shown  in  Fig.  S. 

The  fundamental  modulation  corresponds  to  -6  dBV,  yielding  |  v 
anet  sum  for  the  second  harmonic  distortions  of  -126  dB  for  this  ' 
pair. 
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Figure  3.  Block  diagram  of  a  parallel  phase  bridge  measurements 
to  determine  the  difference  in  phase  modulation  between  two 
phase  modulators  [14,15]. 

In  this  configuration  the  output  of  the  mixer  is  of  the  form 
=  VoCOSut  -I-  (Bi-BjJcosQt  -f  (MJc  +  M|c)cos2Qt  +  (8) 

(Mj,-!-  Mk)sin20t 

under  the  assumption  that  all  of  the  2nd  harmonic  distortion  is 
due  to  the  modulation  process. 
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Figure  4.  Block  diagram  of  a  series  phase  bridge  measurements 
to  determine  the  sum  of  the  2nd  harmonic  in  phase  modulation 
between  two  phase  modulators  [14,15]. 
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Figure  5.  Typical  result  of  a  series  phase  bridge  measurement. 
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CONCLUSIONS 

We  have  introduced  a  method  for  measuring  the  polari/ing  effect 
in  high-Q  SC-cut  5  MHz  quartz  resonators  for  small  ac  electric 
fields  and  found  that  the  sensitivity  and  the  linearity  is  in  general 
agreement  with  the  previous  work  at  dc  (7-11 1.  We  have 
demonstrated  that  this  polarizing  effect  can  be  used  to  make  an 
ultralinear  small  angle  phase  modulator  with  low  added  phase 
noise.  The  second  harmonic  distortion  was  measured  to  be  less 
than  -1 17  dB  relative  to  the  fundamental  in  three  different  units 
even  though  the  modulation  frequency  was  more  than  20  times 
larger  than  the  half-bandwidth  of  the  resonators.  Using  low 
modulation  frequencies,  the  second  harmonic  distortion  could 
probably  approach  -140  dB  relative  to  the  fundamental 
modulation.  The  high  linearity,  low  noise,  and  simplicity  of  the 
circuit  combine  to  make  this  new  small  angle  analog  phase 
modulator  an  interesting  tool  in  precision  frequency  metrology. 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


STOCHASTIC  RESONANCE:  A  SIGNAL  +  NOISE  IN  A  TWO  STATE  SYSTEM 

Frank  Moss 
Department  of  Physics 
University  of  Missouri  at  St.  Louis 
St.  Louis.  MO  63I2I 


The  term  Stochastic  Resonance  (SR) 
describes  an  interesting  stochastic  pheno¬ 
menon  which  occurs  in  bistable  systems 
when  driven  by  a  weak  periodic  signal 
embedded  in  noise  of  comparable  inten¬ 
sity.  The  "resonance"  occurs  when  the 
period  of  the  signal  becomes  comparable 
to  an  internal  time  scale  established  by 
the  noise.  For  such  a  condition,  the 
signal-to-noise  ratio  of  the  response  of  the 
bistable  system  is  maximi2ed. 

Introduction 


The  idea  of  SR  was  first  introduced  by 
a  group  of  Italian  theorists''^  who  proposed  it 
as  a  possible  explanation  for  the  observed 
periodicity  in  the  recurrences  of  the  Earth's 
Ice  Ages*.  In  this  model,  the  Earth’s  global 
climate  is  represented  by  a  model  which  con¬ 
sists  of  an  energy  potential  having  two  local 
minima  separated  by  a  barrier.  The  locations 
of  the  two  minima  determine  the  two  states, 
one  metastable  (representing  the  ice  age)  and 
the  other  globally  stable  (representing  the 
Earth’s  normal  climate).  Random  fluctuations 
from  a  "noisy"  solar  constant  are  supposed  to 
drive  this  bistable  system,  so  that  switching 
events  from  one  well  to  the  other,  for  exam¬ 
ple,  from  normal  to  ice  age  climate  and  the 
reverse,  occur  at  completely  random  times. 
However,  the  observed  periodicity  in  the  ice 
age  recurrences  at  approximately  100,000  year 
intervals  means  that  this  seemingly  random 
sequence  must,  in  fact,  be  correlated  to  some 
degree  with  some  periodic  dynamical  force  to 
which  the  global  climate  system  is  exposed. 
In  climate  models,  this  periodic  force  is 
assumed  to  originate  in  a  weak  but  periodic 
variation  of  the  eccentricity  of  the  Earth’s 
orbit,  the  period  of  which  is  s  10*  years. 


The  dynamics  of  SR  are  then  esta¬ 
blished  in  a  bistable  potential  by  a  stochastic 
force  called  the  "noise",  of  magnitude  com¬ 
parable  to  that  of  the  height  of  the  barrier 
separating  the  two  local  minima,  plus  a  weak 
periodic  force  often  called  the  "signal",  which 
acting  together  cause  switching  between  the 
two  states  of  the  system.  The  switching 
events  are  noisy,  but  not  completely  random, 
being  correlated  to  some  degree  with  the 
signal.  We  can  look  a  bit  more  closely  at  this 
phenomenon  with  the  aid  of  Fig.  1,  where  1 
have  depicted  a  typical  bistable  potential 
being  "rocked"  periodically  by  the  signal. 


signal  depicted  at  successive  quarter  cycle  in¬ 
tervals  of  the  signal.  Switching  events  can 
only  take  place  in  the  presence  of  noise  as 
indicated  by  the  arrows. 
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The  location  of  a  "ball"  near  the  bottom  of 
one  well  represents  the  system  state  point.  If 
the  amplitude  of  the  signal  is  smaller  than 
the  height  of  the  barrier,  the  ball  will  not 
change  states  under  the  influence  of  the 
signal.  If  however,  we  now  add  a  small 
amount  of  "noise",  which  we  shall  assume  to 
be  Gaussian  distributed  and  white,  we  see 
that  there  is  now  always  a  non  zero  proba¬ 
bility  that  the  ball  will  change  state.  How¬ 
ever,  because  the  potential  is  being  rocked  by 
the  signal,  i.e.  the  barrier  is  alternately  being 
raised  and  lowered  at  every  half  cycle  of  the 
signal,  the  probability  of  a  switching  event 
taking  place  is  modulated  by  the  signal.  It  is 
this  modulation  which  causes  the  switching 
events  to  become  correlated  with  the  signal. 

Moreover,  if  we  interpret  the  sequence 
of  switching  events  as  the  output  of  informa¬ 
tion  which  passed  through  the  system,  then 
we  see  that  no  information  can  be  transmit¬ 
ted  to  the  output  in  the  absence  of  noise.  It 
is  also  clear  that  in  the  limit  of  very  large 
noise  intensity  the  information  content  in  the 
output  will  be  degraded.  There  must  be  an 
optimum  value  of  the  noise  intensity  for 
which  the  information  content  is  maximized. 
In  the  case  of  a  single  frequency  signal,  the 
information  content  is  the  signal  frequency  w 
and  its  intensity  A.  A  common  measurement 
in  SR  experiments  is  the  power  spectrum  of 
the  output,  from  which  the  signal-to-noise 
ratio  (SNR)  can  be  obtained. 

An  early  demonstration  of  SR  in  an 
electronic  system  was  realized  in  a  Schmitt 
trigger^,  but  after  this  interest  seems  to  have 
waned  for  a  number  of  years.  Recently, 
however,  a  demonstration  experiment  with  a 
bistable  ring  laser  was  accomplished®.  Publi¬ 
cation  of  this  observation  stimulated  renewed 
interest,  including  a  number  of  theoretical 
works®"‘“  and  two  analog  simulations'*"**. 

A  dynamical  system  representing  an  in¬ 
finitely  damped  particle  moving  in  the  stan¬ 
dard  quartic  potential  with  an  added  single 
frequency  signal  provides  a  simple  demons¬ 
tration  of  SR.  The  potential,  schematically 
depicted  in  Fig.  1.  is  given  by 

U(x)  “  -y  +  y  -  xAsinwt,  (1) 


where  the  magnitude  of  the  of  the  unper¬ 
turbed  barrier  is  AUo  -  1/4.  The  dynamics 
of  a  particle  moving  in  this  potential  with  in¬ 
finite  damping  and  under  the  influence  of 
the  noise  ((t)  is  determined  by  the  Langevin 
equation 


-  X  -  X*  +  Asincot  +  {(t).  (2) 

where  the  noise  is  assumed  to  be  Gaussian 
distributed  with  zero  mean  and  of  infinite 
bandwidth,  i.e.  "white".  The  noise  intensity 
D  is  defined  by  its  autocorrelation  function 

<^(t)|(s)>  -  2D5(t  -  s).  (3) 

This  simple  example  will  be  used  throughout 
this  paper,  however  more  complex  cases  in¬ 
volving  particles  with  inertia®**®  as  well  as 
band  limited,  or  "colored",  noise®  have  been 
treated.  The  Langevin  equation  governing  the 
inertial  case  is  given  by 

X  +  7X  +  “  Asinwt  +  {(t).  (4) 

If  the  noise  is  colored,  its  intensity  is  defined 
by  the  exponential  correlation  function, 

«(l)?(s)>  -  ^exp[-|  t-s|  /T],  (5) 

with  correlation  time  t. 

Stochastic  resonance  has  also  been  dem¬ 
onstrated  for  potentials  other  than  the  so 
called  "standard  quartic"  given  by  Eq.  (1),  a 
recent  example  being  the  "soft"  potential*®, 
often  used  in  neuron  models 

U(x)  “  y  "  i?ln(coshx)  -  xAsincjt  -  x|(t).  (6) 

This  potential  is  called  "soft",  because  it  in¬ 
creases  only  linearly  with  x  for  large  enough 
x;  in  contrast,  for  example,  to  the  infinitely 
"hard"  Schmitt  trigger  potential  for  which 
U(x)  -►  00,  as  x  -*  ±Xo;  where  the  two  values 
of  Xfl  are  the  two  states  of  the  trigger.  SR 
has  also  been  demonstrated  in  the  Schmitt 
trigger*’®.  In  addition  to  the  bistable  ring 


laser’.  SR  has  recently  been  demonstrated 
also  in  an  electron  paramagnetic  resonance 
system'^. 


Theoretical  Issues 


In  the  absence  of  an  external  signal  (A 

-  0),  but  with  only  the  noise  present,  stochas¬ 
tic  differential  equations  of  the  general  type 
of  Eq.  (2)  are  solved  for  the  stationary  pro¬ 
bability  density  Po(x),  of  the  variable  x.  with 
the  Fokker-Planck  equation**"*®: 

x*]P(x.t)  +  D|^[P(x.t)]  (7) 

where  the  bistable  forcing  is  given  by  F(x)  - 

-  dU(x)/dx  -  X  -  X*.  for  the  case  that  U(x)  - 
-x*/2  +  xV4  is  not  a  function  of  time,  and  D 
4  D(x)  [for  a  recent  example  where  D  -  D(x). 
see  Ref.  21].  The  stationary  solution  is  obta¬ 
ined  from 

-  0,  (8) 

at 

which  results  in  the  exact  solution. 


Po(x)  = 


rD 


exp 


U(x) 

D 


(9) 


Under  these  conditions,  the  mean  rate  of 
switching  between  wells  is  given  by  the  Kra¬ 
mers  rate**: 


ro  = 


1 

7r\/5 


exp 


AUo 

D 


(10) 


where  AU  is  the  barrier  height  in  the 
absence  of  a  signal,  as  shown  in  Fig,  1.  The 
times  at  which  switching  events  occur  are 
completely  random. 

Unfortunately,  the  Fokker-Planck  equa¬ 
tion  can  be  solved  exactly  for  only  a  very 
restricted  dynamics:  one  dimensional,  station¬ 
ary,  and  infinitely  damped.  This  means  that 
problems  involving  inertia,  such  as  Eq.  (4).  or 
colored  noise  as  in  Eq.  (5),  or  problems  with 
time  dependent  potentials  as  shown  in  Eq.  (1), 


must  be  treated  in  some  approximation.  These 
approximations  are  challenging,  and  for  that 
reason,  SR  has  been  of  interest  to  a  number 
of  theorists.  An  historically  important  paper 
dealing  with  time  dependent  stochastic 
processes  was  written  in  1975  by  H^ggi  and 
Thomas**.  A  recent  collection  of  papers  deals 
with  such  approximation  techniques  and  their 
applications  to  various  physical  problems  as 
well  as  actual  experiments  and  simulations**. 
The  most  straight  forward  approach  to  the 
problem  of  the  time  dependent  potential  is 
the  "adiabatic"  approximation,  cj  <<.  rg.  This 
means  that  the  signal  changes  so  slowly  that 
we  can  consider  the  Fokker-Planck  equation 
as  relaxing  to  its  stationary  solution  at  every 
instant  of  time.  Moreover,  if  the  noise  is 
assumed  to  be  white,  and  the  dynamics  infin¬ 
itely  damped,  then  the  problem  is  one  dimen¬ 
sional.  A  further  simplification  can  be  achi¬ 
eved  by  considering  a  reduced  dynamics:  the 
"two  state"  dynamics.  In  this  approximation, 
the  only  information  required  at  the  output 
of  the  SR  system  is  which  well  the  state 
point  currently  occupies.  Motions  of  the  state 
point  within  each  well  are  specifically 
ignored  and,  in  fact,  replaced  with  a  con¬ 
stant,  for  example,  x(t)  ■  iXg,  where  the  ± 
sign  identifies  which  well.  The  exact  form  of 
the  potential  is  no  longer  of  consequence,  and 
the  only  parameters  are  the  unperturbed  bar¬ 
rier  height  AUq  and  the  steady  state  points 
±Xo.  [It  should  be  noted  that  the  two  state 
approximation  is  exact  for  the  Schmitt  trigger, 
which  is  the  closest  and  simplest  realization 
of  an  ideal  two  state  system.] 

We  shall  not  here  recite  further  the 
details  of  the  various  theoretical  approxima¬ 
tions.  but  instead  refer  the  reader  to  the  ori¬ 
ginal  literature.  To  date  all  theories  have 
been  restricted  to  Gaussian,  white  noise.  The 
first  modern  theory,  based  on  the  adiabatic 
approximation  and  infinitely  damped  two 
state  dynamics  was  due  to  McNamara  and 
Wiesenfeld®.  They  provided  very  useful  for¬ 
mulae  which  are  most  often  used  today  for 
the  interpretation  of  experimental  results. 
Important  non  adiabatic  results,  valid  also  for 
the  full  dynamics,  were  the  predictions  by 
H^ggi  and  Jung^*'°  that  the  ideal  line  shape 
of  the  signal  in  the  power  spectrum  was  a 
delta  function,  and  that  for  symmetric  poten¬ 
tials  (as.  for  example,  the  standard  quartic,  or 
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the  neuron)  there  exists  a  sequence  of  lines 
located  at  odd  harmonics  of  the  signal  fre¬ 
quency  with  exponentially  decreasing 
strength.  These  results  were  later  indepen¬ 
dently  verified  by  simulations’^"*’.  Addition¬ 
ally.  Hanggi  and  Jung”  and  Marchesoni,  et 
aP""  have  obtained  useful  approximations  and 
exact  results  for  the  case  of  inertial  motion 
(i.e.  non  infinitely  damped).  Though  a  prel¬ 
iminary  approximate  result  has  been  obtained 
for  colored  noise",  no  systematic  study  of  SR 
dynamical  systems  driven  by  this  important 
noise  has  been  undertaken. 

Recently,  some  calculations  of  the 
escape,  or  residence,  times  have  been  made. 
Here,  we  are  concerned  with  the  probability 
density  of  the  times  which  the  state  point 
spends  in  one  well,  an  object  which  can  be 
easily  measured  on  real  physical  systems”. 
An  interesting  generalization  of  this  theory 
has  recently  been  extended  to  include  multi 
stable,  or  "washboard"  potentials”.  These  res¬ 
ults  will  have  a  direct  bearing  on  future  SR- 
type  experiments,  for  example,  in  noisy,  peri¬ 
odically  modulated  Josephson  junctions.  A 
reformulation  of  the  problem  in  terms  of  Flo- 
quet  theory  has  recently  been  accomplished 
and  >ignal  phase  noise,  which  broadens  the 
signal  spectral  line,  has  been  treated  in  this 
framework  for  the  first  time”.  The  latter 
treatment  is  important,  since  most  noisy  phy¬ 
sical  signals  to  be  encountered  in  the  real 
world  are  expected  to  show  phase  noise  as 
well  as  amplitude  noise.  A  recent  study  of 
the  phase  relation  between  the  signal  and  the 
response  of  an  overdamped  bistable  system 
has  been  completed”. 

T.To  date,  all  investigations  of  SR 
except  one  have  been  for  a  noisy  signal  com¬ 
posed  of  a  sinusoidal  function  with  added 
Gaussian  white  or  colored  noise.  The  single 
exception  is  an  interesting  study  by  R. 
Kapral  and  his  associates”  who  looked  at  a 
damped  oscillator  moving  in  a  bistable  poten¬ 
tial  under  the  influence  of  what  they  call 
"periodic  dichotomous  noise".  Periodic  dicho¬ 
tomous  noise  is  defined  to  be  a  function 
which  can  take  on  only  two  values,  say 
[ao.a,].  with  a  fixed  time.  t.  between  every 
switching  event.  The  switching  events  are  the 
stochastic  variable,  since  they  are  defined  to 
occur  according  to:  (a,  -►  ao)  with  probability 
p.  and  (ao  -»  a,)  with  probability  1  -  p. 


Entirely  new  resonance  activation  phenomena, 
showing  fractal  behavior,  are  revealed  by  the 
invariant  probability  densities  P(x)  of  this 
system.  The  authors  discuss  various  physico¬ 
chemical  systems  for  which  this  new  SR  phe¬ 
nomenology  might  be  realized. 

Analog  Simulations  of  Stochastic  Resonance 

Analog  simulators  are  electronic  circuits 
which  are  designed  to  mimic  the  dynamics  of 
a  certain  Langevin  equation.  They  are  the 
modern  reincarnations  of  the  analog  comput¬ 
ers  which  were  prevalent  before  the  age  of 
modern  digital  computing.  Today  modern  chip 
technology  has  produced  multipliers,  for 
example  the  Analog  Devices  AD  534,  multi¬ 
function  chips  which  raise  a  voltage  to  an 
arbitrary  power,  trigonometric  function  con¬ 
verters.  and  logarithmic  and  antilog  amplifiers 
with  bandwidths  in  the  hundreds  of  kHz 
combined  with  accuracies  of  a  few  tenths  of 
a  percent  all  on  single  chips.  Rather  than 
patch  board  programming  an  analog  computer 
for  each  application,  it  is  now  convenient  to 
simply  build  a  single  circuit  for  each  appli¬ 
cation.  While  the  accuracy  is  limited  -  usu¬ 
ally  to  less  than  2  percent  in  the  non  sto¬ 
chastic.  steady  state,  and  around  10  percent 
for  noise  driven  dynamics  where  ensemble 
averaging  of  the  appropriate  quantity  must  be 
done  -  analog  simulations  offer  advantages  in 
speed,  especially  for  multi  dimensional  sto¬ 
chastic  problems  over  digital  simulations. 
Moreover,  large  regions  of  the  parameter 
space  can  quickly  be  scanned  for  interesting 
dynamical  behavior,  for  example  by  turning 
the  dial  of  a  potentiometer.  Finally,  it  is 
sometimes  important  that  the  analog  simulator 
is  after  all  a  real  physical  system,  replete 
with  small  asymmetries,  noise,  non  ideal 
functional  conversion,  etc.  This  makes  it 
impossible  to  observe  singular  effects,  many 
of  which  can  perfectly  well  be  digitally  sim¬ 
ulated,  for  example  any  of  a  multitude  of 
structurally  unstable  objects  which  have  rec¬ 
ently  been  predicted  by  nonlinear  dynami- 
cists. 

In  the  typical  application,  the  circuit  out¬ 
puts  a  set  of  voltages  which  are  the  approxi¬ 
mate  solutions  of  some  set  of  Langevin  equa¬ 
tions,  e.g.  that  of  Eq.  (2).  (4)  or  (6).  These 
are  connected  to  analog-to-digital  converters 
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(ADC)  which  digitize  the  appropriate  voltages 
for  a  computer.  At  present  we  are  using 
Data  Translation  DT2828  digitizer  boards, 
mounted  in  386-type  PC's  with  ASYST 
software.  An  example  is  given  by  the  sche¬ 
matic  diagram  of  a  circuit  which  mimics  Eq. 


x=x—x^+  Asinwt+^(t) 

n 

Fig.  2.  A  schematic  of  the  simulator  of  Eq. 
(1).  The  crosses  represent  analog  multipliers. 
Integration  is  accomplished  by  collecting 
charge  on  a  capacitor  -  the  feedback  element 
in  an  operational  amplifier.  The  circuit  is  a 
closed  loop  system,  with  the  dynamical 
approximation  of  Eq.  (1)  appearing  as  the 
voltages  x(t)  and  the  velocity  )t(t).  The  noise 
is  supplied  by  a  Quan  Tech  Model  400  noise 
generator,  which  produces  Gaussian  wide 
band  (s200  kHz)  noise. 

The  ADC  is  connected  to  the  output  voltage 
x(t).  In  a  typical  scan,  4096  digitized  points 
are  accumulated  at  a  rate  of  20  ns  per  point. 
From  this  time  series  the  power  spectrum  is 
computed  and  stored  as  a  running  sum. 
Ensemble  averaging  is  accomplished  by  repe¬ 
ating  this  process  as  many  times  as  necessary 
until  the  desired  statistical  accuracy  is  achi¬ 
eved.  For  the  power  spectra  shown  below, 
typically  200  such  scans  were  used,  however 
the  probability  densities  shown  later  some¬ 
times  required  up  to  10,000  scans.  It  is 
important  to  note  that  the  simulator  as  shown 
in  Fig.  2  reproduces  the  full  dynamics  speci¬ 
fied  by  Eq.  (1),  including  the  motion  within 
the  potential  wel's.  This  is  shown  by  the 
time  series  reproduced  in  Fig.  3  (a).  If,  how¬ 
ever,  it  is  desired  to  examine  the  two  state 


dynamics,  a  "two  state  filter"  can  be  con¬ 
nected  to  the  simulator  output.  This  is  simply 
a  voltage  comparator,  which,  in  the  present 
example  replaces  x(t)  with  +  or  -  1.0  V 
whenever  x(t)  >  or  <  0  respectively.  The  two 
state  filtered  output  is  shown  in  Fig.  3  (b). 
The  resulting  power  spectrum  is  shown  in 
Fig.  3  (c).  where  delta-like  peaks  show  up  at 
500  and  1500  Hz,  the  latter  being  the  first 
peak  at  the  first  odd  harmonic  of  the  signal 
frequency. 
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Fig.  3  (a)  The  measured  output  x(t)  of  the 
simulator  shown  in  Fig.  2  for  A  -  0.35  V. 

-  1.0  V*,  co/2ir  -  500  Hz.  (b)  The  same 
output  (however,  taken  at  a  different  time) 
after  passing  through  the  two  state  filter,  (c) 
The  power  spectrum  of  the  time  series  shown 
in  (b)  after  averaging  for  500  sca.is. 

The  signal  for  this  simulation  was  provided 
by  an  ultra  stable  frequency  synthesizer  (1 
part  in  10"®,  short  term  stability).  Our  power 
spectra  were  assembled  into  2500  frequency 
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bins  of  I  Hz  width  each.  The  entire  signal 
power,  theoretically  a  delta  function  as  pred¬ 
icted  by  Hanggi  and  Jung’,  was.  therefore, 
cc  .cjntrated  into  one  bin  and  rendered  a 
finre  amplitude  by  integration  of  the  delta 
functioii  over  a  width  of  1  Hz.  The  shape  of 
the  noise  background  is  accurately  a  Lorent- 
zian  as  predicted  by  McNamara  and  Wiesen- 
feld®.  The  signal-to-noise  ratio  (SNR)  is  obta¬ 
ined  by  measuring  the  amplitudes  at  the  fun¬ 
damental  peak  (S  +  N)  and  at  the  base  of 
this  peak  (N).  The  SNR  in  decibels  is  then 
defined  by 

SNR  -  101og[(S  +  N)/N].  (11) 

The  results  for  this  example  are  shown  by 
the  asterisk  in  Fig.  4.  where  we  have  plotted 
the  SNR  versus  the  noise  intensity  <^’).  Note 
the  prominent  peak,  which  shows  a  22  DB 
enhancement  at  an  effective  noise  intensity  of 
2!  0.1  V^.  The  solid  curve  is  the  prediction 
of  the  adiabatic,  two  state  theory  of  Ref,  [6]. 
The  plus  signs  show  the  results  of  measure¬ 
ments  of  the  noise  amplitude  N,  at  the  loca¬ 
tion  of  the  signal  frequency. 
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Fig.  4.  The  SNR  (*)  versus  the  noise  intensity 
for  the  same  conditions  listed  in  the  caption 
of  Fig.  3.  The  amplitude  of  the  noise  alone 
at  the  signal  frequency  (+).  The  solid  curve 
is  the  theoretical  prediction. 

Escape  Time  Measurements 

Though  the  majority  of  experimentalists 
have  always  preferred  to  measure  the  power 
spectrum  of  their  SR  systems,  recently  a  new 
object  -  the  probability  density  of  residence 
times  -  has  been  measured'^-^®.  Figure  5 
shows  the  output  of  a  bistable  system  after 


two  state  filtering.  For  convenience,  we  iden¬ 
tify  the  two  states  A  and  B  as  shown.  The 
sequences  of  times  labeled  along  the  top  and 
bottom  of  the  figure  indicate  the  only  two 
possible  residence  time  sequences  available  to 
a  two  state  system.  For  convenience  we 
define  them  as  the  ABBA  sequence  (upper 
set)  and  the  ABAB  sequence  (lower  set).  Ini¬ 
tially.  we  will  concentrate  on  the  ABBA 
sequence. 


B  B  B  B 


Fig.  5.  The  two  residence  time  sequences. 
The  top  shown  set.  ABBA,  is  a  measure  of 
the  time  spent  in  one  state  only,  in  this 
example  the  B  state.  The  lower  set,  ABAB. 
measures  the  residence  time  in  A  plus  the 
next  sequential  residence  time  in  B. 

The  residence  times  from  such  a  sequence, 
either  numerically  or  experimentally  gener¬ 
ated.  can  be  assembled  into  a  probability 
density  P(T).  We  show,  in  Fig.  6,  an  example 
of  such  data  measured  on  the  analog  simula¬ 
tor  of  Fig.  2  which  mimics  Eq.  (2).  A  notable 
feature  of  these  data  is  the  repeated  sequence 
of  peaks  of  decaying  amplitude  located  at 
odd  integer  multiples  of  To/2,  where  To  is 
the  period  of  the  signal.  Data  for  the  ABAB 
sequence  (not  shown  here)  ate  similar  but 
phase  shifted,  the  peaks  being  located  at  all 
integer  multiples  of  Tq.  The  underlying 
reason  for  the  difference  in  peak  locations 
for  the  two  different  residence  time 
sequences  can  be  understood  as  follows:  Con¬ 
sider  the  ABBA  sequence.  The  switching 
events  are  random,  but  the  most  probable 
switching  events  are  B  -♦  A  when  wt  -  7r/2 
(the  signal  is  at  its  maximum  positive 
amplitude),  followed  by  the  reset  event  A  -* 
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B  at  cjt  ■  3ir/2  (when  the  signal  next  arrives 
at  its  minimum  value).  The  elapsed  (or 
residence)  time  between  these  switching 
events  is  To/2.  If,  however,  by  chance  the 
reset  does  not  occur  at  wt  -  37r/2.  the  next 
most  probable  reset  event  must  wait  until  cot 
-  7rr/2  (when  the  signal  is  next  a  minimum) 
so  that  the  elapsed  time  (from  the  first 
switching  event)  is  67r/2  or  3To/2. 

Figure  6  (a),  (b)  and  (c)  show  the  effect 
of  increasing  the  noise  intensity  D. 


0  40  80  120  160  200 

Time  (ms) 


Fig.  6.  Residence  time  probability  densities 
measured  on  an  analog  simulator  of  over¬ 
damped  motion  in  the  standard  quartic  poten¬ 
tial  [Eq.  (2)]  for  to/27r  -  50  Hz  and  A  ■  0.20 
V.  The  noise  intensities  are:  (a)  D  -  0.02,  (b) 
D  -  0.03  and  (c)  D  -  0.05. 

We  note  the  strong  dependence  of  the  decay 
constant  on  noise  intensity.  The  decay  is  con¬ 
sistent  with  an  exponential  law.  Such  a  law 
would  be  a  strong  indicaton  that  the  higher 
order  escape  events  are  governed  by  rate 
processes  similar  to  those  encountered  in 
chemical  physics.  In  Fig.  7  we  show  the 
same  data  as  in  Fig.  6  (a)  replotted  on  a 
semilogarthmic  scale.  Note  that  the  straight 
line  behavior  of  the  peak  amplitudes  indicates 
a  decay  law. 


Pmax  exp(-XT).  (12) 


Fig.  7  Same  data  as  Fig.  6  (a)  replotted  on  a 
semilog  scale.  The  peak-to-peak  decrement  of 
this  measured  data  is  C.719  ±  0.003,  which 
can  be  compared  to  the  theoretical  result  cal¬ 
culated  from  Eq.  (13)  of  0.628.  (The  complete 
version  of  Eq.  (13)  is  given  in  Ref.  25  where 
it  is  also  shown  that  ‘he  discrepancy  can  be 
accounted  for  by  an  experimental  under  esti¬ 
mate  of  the  value  of  D.) 

An  adiabatic  theory  for  the  residence  time 
probability  density  has  been  put  forward  in 
Ref.  25.  Here  we  quote  only  the  result  of 
that  calculation  to  lowest  order  in  the  ratio 
A/D: 
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(13) 


Summary  and  Discussion 


ave 


V'2irA/D 


exp(A/D)T. 


where  Pave  ^(T^  averaged  over  all  T. 
This  quantity  demonstrates  the  exponential 
decay  law  observed  with  the  simulator.  Mor¬ 
eover,  the  dependence  on  the  potential  barrier 
height  AUq  is  built  into  this  result  through 
the  unperturbed  Kramers  rate  ro  [see  Eq. 
(10)].  Thus  P(T)  indicates  the  signal  fre¬ 
quency  w.  and  is  exponentially  sensitive  to 
the  ratio  A/D  and  AUq.  It  therefore  contains 
all  the  same  information  as  the  power  spec¬ 
trum,  but  is  more  sensitive  to  A/D  but  less 
precisely  indicates  w. 

There  is  also  a  "resonance"  behavior  of 
P(T).  At  bw  enough  noise  intensity,  the  first 
few  peaks  in  P(T)  become  lower  in  amplitude 
than  the  higher  order  peaks.  This  is  because 
the  fundamental  switching  event  becomes  less 
probable  than  the  next  higher  order  one. 
That  is,  switching  at  every  half  cycle  of  the 
signal  becomes  less  probable  than  switching 
at  every  three  half  cycles.  (After  all,  for  zero 
noise  no  switching  is  the  most  probable 
event.)  The  various  peaks  in  the  sequence, 
therefore,  grow  and  decay  with  D.  This  is 
shown  in  Fig.  8.  where  the  maximum  ampli¬ 
tude  of  the  second  third  and  fourth  peaks 
show  the  characteristic  resonance  peak  at 
three  different  optimum  values  of  the  noise 
intensity. 
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Fig.  8.  The  maximum  amplitudes  of  the 
peaks  in  P(T)  plotted  versus  D.  The  ()  signs 
are  the  second,  the  (+)  are  the  third,  and  the 
(x)  are  the  fourth  peak  maxima  respectively. 


In  this  brief  paper,  1  have  discussed  the 
phenomenology  of  stochastic  resonance,  out¬ 
lined  the  theoretical  questions,  and  demon¬ 
strated  typical  measurements  on  an  analog 
simulator  -  measurements  similar  to  those 
which  have  been  performed  on  other  physical 
systems.  I  have  included  all  the  relevant 
references  as  well,  so  that  any  interested 
person  dealing  with  a  noisy  signal  and  a 
bistable  detector  could  easily  start  his  own 
SR  research  program.  Such  a  person  might 
wish  to  begin  with  a  recently  published  brief 
but  informative  note  in  the  popular  press*®. 
In  this  summary,  1  want  to  emphasize  two 
items: 

First,  the  residence  time  probability  den¬ 
sity  displays  all  the  same  information  as  the 
much  more  widely  used  and  well  known 
power  spectrum.  Indeed,  power  spectral  ana¬ 
lysis  is  treated  in  every  text  book  on  noisy 
time  series  analysis,  but  when  did  you  last 
see  the  probability  density  discussed?  Yet.  in 
some  applications  P(T)  may  be  more  useful, 
or  at  least  more  convenient,  than  P(w). 

Second,  SR  has  never  been  demonstrated 
as  naturally  occurring  in  any  system 
(discounting  the  ice  age  speculations),  it 
would  be  interesting  to  search  for  such  a 
phenomenon,  for  example,  where  Nature  had 
somehow  contrived  to  make  use  of  the  opti¬ 
mum  noise  intensity  for  information  process¬ 
ing.  It  seems  to  me  that  the  place  to  look  is 
in  evolutionary  biology,  where  the  necessary 
ingredients  -  bistable-like  behaviors  with  D, 
A  and  AUq  all  of  comparable  magnitude  - 
are  most  likely  to  be  found.  Certainly,  all 
living  organisms  are  noisy  and  perform  infor¬ 
mation  processing  tasks  of  varying  degrees  of 
complexity  in  the  presence  of  various  "sig¬ 
nals".  It  seems  to  me  that  after  millions  of 
years  of  evolution,  successful  organisms 
would  have  developed  a  mechanism,  or 
mechanisms,  for  making  good  use  of  this  in¬ 
escapable  and  ubiquitous  noise*'. 
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Abstract 

1.  The  paper  analyzes  the  frequency  of  the  sum  of  sinusoidal 
signals.  It  is  shown  that  if  the  signals  are  roughly  phase 
aligned  then  the  frequency  of  the  sum  is  a  weighted  average 
of  the  frequencies  of  the  signals  and  the  fractional  frequency 
noise  is  being  reduced  in  the  summation. 

2.  The  "Allan  deviation"  of  a  signal  whose  phase  is  modulated 
by  various  wave  shapes  is  analytically  and  numerically 
calculated.  These  include  sine-wave,  sawtooth-wave  and  a 
general  periodic  function  modulation.  The  calcultions  are  used 
to  analyze  the  stability  of  sum  of  signals  in  various  cases. 

3.  We  discuss  a  possible  use  of  signals  addition  in  time  k 
frequency  generating  systems,  where  several  frequency  sources 
are  used  for  redundancy.  One  can  make  optimal  use  of  the 
frequency  sources  by  simply  adding  the  signals  with 
predetermined  amplitudes  (weights)  in  order  to  achieve  a 
better  short-term  stability  and  a  redundancy  at  the  same 
time. 


are  in  voltage  and  have  the  general  sinusoidal  form: 


V(t)  =  Vo  sin|2iivo<*A<l>(t)l 

(1) 

with  the  conventional  notations:  vo  is  the  nominal  frequency, 
A<t>(t)  is  the  phase  deviation  from  nominal  and  Vo  is  the 
amplitude.  Vo  is  assumed  to  be  constant  or  nearly  constant. 
Usually  it  is  assumed  that  A<I>(t)  <C  2ni't  |1).  but  at  present 
we  take  A<l>(t)  not  to  be  restricted. 

Let  V|(t)  and  V2(t)  be  two  sinusoidals  signals: 


Vi(t)  =  Voi  sinl2iii/ol  +  A<l>i(t)l 

(2) 

Vi(t)  -  Vo2  sin  |2Tii.'ot  +  A<l>2(t)l 

(3) 


I.  Introduction 


Frequency  addition  is  very  common  in  many  applications, 
especially  in  frequency  synthesis.  It  is  usually  performed  with 
the  aid  of  a  non-linear  analog  element  or  with  a  digital 
element  such  as  XOR.  Signals  (voltages)  addition,  on  the  other 
hand,  is  not  very  usefull  since  even  a  small  frequency 
deviation  between  two  added  signals  give  rise  to  strong  phase 
and  amplitude  modulation.  However,  if  by  some  means,  the 
phases  of  the  signals  can  roughly  be  kept  aligned,  then  the 
sum  is  very  nearly  a  sinusoidal  function.  In  this  case  a  single 
frequency  can  be  attributed  to  the  sum  and  some  very 
interesting  features  are  revealed.  Section  2  of  this  paper  is 
devoted  to  this. 

The  need  to  analyze  the  frequency  stability  of  a  sum  of 
signals  is  the  motivation  for  the  Allan  variance  calculations. 
These  are  given  in  section  4  and  include  various  cases  of 
periodic  wave  shape  phase -modulations.  The  results  of  course, 
are  of  general  interest  not  only  in  relation  to  the  main 
subject  of  the  paper. 

The  last  section  of  the  paper  discusses  a  possible  application 
to  signals  addition.  Whenever  several  frequency  sources  are 
available  one  can  devise  schemes  to  best  use  all  sources  in 
order  to  improve  the  short-term  frequency  stability  and  at  the 
same  time  maintain  the  redundancy  and  high  reliability. 


which  are  being  added  to  give; 

V3(t)  =  Vi(t)  +  V2(t) 


(4) 


A  phasor  diagram  is  shown  in  fig.  1 


Fig.  1:  Signals  addition,  a  phasor  diagram. 

Both  signals  has  the  same  nominal  frequency  uq-  However,  the 
following  calculation  applies  also  for  different  frequencies 
since  A<t>(t)  has  not  been  limited.  Let: 

Voi  =  1  Vo2  =  r 

(5) 

with  no  loss  of  generality. 

Then,  straightforward  trigonomical  calculation  (fig  1.)  gives: 


2.  Sum  of  signals  (voltage  addition) 

This  section  is  devoted  to  an  analysis  of  the  sum  of  two 
signals  in  various  limiting  cases.  It  is  assumed  that  the  signals 


V3(t)  =  Vo3(t)  •  sinl2TTi'ot  +  A<t>3(t)l 


(6) 
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where; 


Vo3(t)  v  i  *  *  2r-coslA<l>2(t)  A<t>(t)l 

(7) 


Now,  the  phase  alignment  condition  implies  that  the 
amplitude  of  the  sum,  Voaft),  as  given  by  eq.(7)  may  vary 
by  no  more  than  '  1'/..  This  is  small  enough  not  to  disturb 
the  phase  measurement  significally.  Thus  Vo3(t)  is  considered 
as  constant. 


A<l>3(t)  A<l>i(t) 


tan  I  I  TS‘nlA*-,!(t)  A<t>i(t)  1 
1 1  >  r-cos(A<t>2(t  5  A<t>ift)Tl 

(8) 


As  is,  the  sum  Vaft)  which  is  given  by  these  expressions  is 
difficult  to  interpret  and  is  of  limited  use.  Hence,  we  consider 
the  following  two  limits. 


2.1  Phase  alignment 

In  this  case  it  is  assumed  that  the  phases  of  the  two  signals 
are  very  roughly  being  phased  aligned  before  the  addition; 


|A<l>2(t)  A<l>,(t)|  ~<  7t/10 


(9) 


(A0) 


a;  Phase  control 


The  instantaneous  frequency  deviation  from  the  nominal  is 
conventionally  defined  by; 


Ak 


1  dA«l> 
2n  dt 


(10) 


Then,  the  frequency  deviation  of  the  sum  A1/3,  is  derived 
from  (8)  to  give: 


Ai-sCt)  =  11  A(t)|-Ai/i(t)  *  A(t)-Ai/2(t) 

(11) 


where: 


^  _ Mcos[A«l>2(t)-A«t>i(t)|  V  rj _ 

1  +  r^  +  2r-cos  I  Ad>2(t ) -A<t>i(t )  I 

(12) 

Again,  the  phase  alignment  condition  (9),  limits  the  variation 
of  A(t)  by  ~  1%.  Hence  A(t)  may  be  considered  as  constant. 


Eq.(Il)  is  a  key  result  to  this  section.  It  shows  that  the 
frequency  deviation  of  the  sum  of  two  signals  with  the  same 
nominal  frequency  is  a  weighted  average  of  the  frequency 
deviations  of  the  signals. 

The  weights  are  approximately  proportional  the  signals 
amplitudes; 


A  «  —  - 

Ur  ■  Vo,^Vo2 

A  .  -L  =  _ ! _ 

l  +  r  Voi  +  V02 


(13) 

(14) 


Since  A<l>(t)  has  not  been  restricted  Au  can  take  any  value. 
Hence  the  signals  may  have  different  frequencies  ui  and  V2 
and  a  weighted  sum  may  be  written  also  for  the  frequencies; 


b:  Frequency  control 

Fig.  2:  Schematic  diagram  of  phase -lock -loop  followed  by 
voltages  addition. 

Fig.  2a  and  2b  illustrate  schemes  of  a  phase -lock -loop 
followed  by  voltage  addition.  Phase  alignment  can  be  achived 
by  discrete  steps  or  in  a  continuous  manner.  In  the  first  case 
the  period  between  the  steps  is  related  to  the  reciprocal  of  the 
frequency  diffrence  between  the  two  signals.  For  example,  two 
SMHz  signals  differing  by  1x10'“  (in  fractional  frequency) 
require  a  phase  correction  every  1000  sec. 

On  the  other  hand,  the  loop  feed  back  can  be  done  in  a 
continuous  mode  where  the  phase  steps  are  being  smoothed  out 
or  by  continuous  frequency  control  as  in  Fig.  2b. 

Either  way  a  loop  time  constant  has  to  be  chosen  so  that 
the  relative  phase  excursions  between  the  two  signals  is  not 
greater  than  rt/lO.  Then  for  averaging  times  longer  than 
the  phases  are  correlated,  while  for  times  shorter  than  the 
phases  are  not  correlated. 


l'3=  (1A)'1/I+  A'V2 

(IS) 

Usually  the  frequency  deviation  is  separated  into  an  offset 
term,  a  drift  term  and  a  random,  non-deterministic  term. 
The  previous  results  are  valid,  of  course,  for  each  kind  of 
term  separately.  However,  the  random  term  case  is  also 
characterized  by  a  noise  reduction  as  shown  in  the  following 
section. 

2.2  Random  frequency  fluctuations 

Consider  the  case  of  random  frequency  fluctuations.  Let 
Avj  in  eq.(ll)  denotes  only  the  random  terms.  Then  one  can 
see  tbat  due  to  interferance  a  part  of  the  noise  is  being 
cancelled  in  the  sum.  In  the  following,  the  Allan  Variance  is 
used  to  evaluate  this  noise  reduction. 

The  Allan  Variance  oJ^{t)  is  defined  by  1 1, 21; 

2  J  _  _ 

(t)  ;  <  j(yvM  Yiv)  >  (16) 
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where  the  fractional  frequency  y(t)  is  defined  by: 


y(t) 

and  y*  is  an  average  of  y(t) 
length  T,  The  angle  brackets, 
average. 

The  weighted  sum.  (11)  can  no 


Au(t ) 

Vo 

(17) 

over  the  k  th  time  interval  of 
<  >,  denote  an  infinite  time 

V  be  written  in  terms  of  y/r  : 


yjt.3  (1  A)-yk,i  *  A-yi,.2 
where  is  derived  from  Au,-,  i^  1,2,3. 
Then: 


(18) 


(ykn.3-yic.3)^  ■  (l-A)2-(yi,*  1,1  yir.i)^  +  A2-(yn,,^-y*.2)2 
*  2(1  A)-A-(yfc.,,i-yk..i)(y*+i,2-yir,2) 

(19) 

Taking  the  time  average  of  (19),  it  includes  terms  that  vanish 
if  no  correlation  exists  between  the  two  signals: 


Then,  for  each  signal  r  10  Av2  Auj  10  'Hz  and  the  peak 
fractional  frequency  deviation  is  IxlO 


3.  Frequency  addition 

The  case  of  frequency  addition  is  only  discussed  here  in 
short  for  comparison.  Let  two  signals  be  mixed  in  a 
non  linear  element  and  filtered  to  remove  the  low  frequency 
component.  Then: 

U3  -  u  I  +  02 

(28) 

Auj  =  Aui  <  Ai/2 

(29) 

where  Aw  is  the  deviation  from  the  nominal  i/f. 

Again,  if  Ai'i(t)  and  Ai/2(t)  are  not  correlated  then  a  partial 
cancellation  of  noise  occurs.  If  for  example,  i'i=v'2  and 
a^i-a^2-o  then  one  can  show  that 

However,  in  contrast  to  the  case  of  voltages  addition,  the 
weights  assigned  to  each  frequency  are  equal  and  fixed  and  1/3 
is  of  course  different  than  uj  or  V2- 


<yv.ryj.2>  =  0 

(20) 

Therefore,  a  weighted  sim  is  also  implied  for  the  Allan 
variances: 


-  (1  A)^<7ji^  +  A^<jy2^ 


(21) 


An  example:  let  two  signals  have  the  same  amplitudes  and 
the  same  noise:  r  =  l,  A«l/2  and  01-02-0. 


Then: 


Oya  =  o/yfl 

(22) 

For  N  signals  of  the  same  amplitude  and  the  same  noise  the 
noise  of  the  sum  is  then  found  to  be  reduced  by  1/Jh. 


4.  Allan  deviation  for  periodic  phase  modulations 

In  the  previous  sections  we  have  dealt  with  cases  where  a 
periodic  phase  modulation  occured: 

a.  In  order  to  achieve  phase  alignment  periodic  corrections  to 
the  phase  of  one  of  the  signals  are  applied.  This  in  turn 
causes  a  periodic  modulation  to  the  phase  of  the  sum.  This 
modulation  can  take  a  form  of  sawtooth,  triange  or  sine 
wave. 

b.  A  disturbance  of  a  small  signal  to  a  large  one  is  found  to 
result  in  a  sine-wave  phase-modulation. 

For  these  cases,  but  moreover  for  the  general  interest,  we 
present  calculations  of  the  AlLn  deviation.  Oy(T)  of  a  signal 
whose  phase  is  modulated  by  various  periodic  wave  shapes. 


2.3  The  small  signal  limit 


A  frequent  problem  arises  when  a  small  amplitude  signal 
interferes  with  a  larger  main  one.  For  this  case  we  put: 


4.1  Sine-wave  modulation 


r  <  1 

(23) 

and  analyse  the  sum  V3(t)  (eq.(6)).  In  this  limit,  the 

amplitude,  phase  deviation  and  frequency  deviation  are 
approximated  from  expressions  (7)  and  (8)  to  give: 

Vo3  »  Voi  ^  1 

(24) 

A<l>3(t)  =A<l>i(t)  +  r-sin|A<I>2(t)-A<I>i(t)l 

(25) 

Au3  -  Aul  +  (Ai/2  Ai'i)r-cosl2Tt(Ai/2-Ai'i)(t)) 

(26) 


i.e.  the  phase  and  the  frequency  are  being  modulated  by 
the  frequency  difference,  Ai'2  Aui,  between  the  two  signals. 
Hence,  the  peak  frequency  deviation  (of  the  sum)  is  given  by: 

Ai/q  "  r- (  Ai'2  '  Au  1 ) 

(27) 

An  example:  Let  two  equal  amplitudes  signals  of  lOMHz 
have  a  relative  frequency  offset  of  1x10".  Suppose  further 
that  the  signals  are  interisolated  by  60dB. 


The  effect  of  a  sine- wave  modulation  on  <7y(t)  has  been 
given  in  13).  However,  the  following  calculation  reveals  more 
details  and  points  to  some  ambiguities  that  might  happen  in 
the  measurement  of  ay(t). 

A  sine-wave  phase- modulation  is  defined  by  substituting  for 
A<l>(t)  in  eq.(l): 

A<l>(t)  =  A<l>o  sin(2TTfmt  +  A^m) 

(30) 

A'l>o  is  the  peak  phase  deviation  (also  called  the  modulation 
index),  fm  is  the  modulation  frequency,  A(Z>m  is  a  modulation 
phase  offset  which  is  later  related  to  the  time  intervals 
starting-point.  Deriving  eq.(30)  we  find  that  the  frequency 
deviation  is  also  sine-wave  modulated: 


Al/(t)  =  Auo  COs(27tfmt  +  Av5ni) 
Ako  =  A<t>o'fm 


(31) 


The  fractional  frequency  error  y(t)  was  defined  in  (17).  The 
time  error  x(t)  is  conventionally  defined  by: 
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x(t) 


A<Ht) 


(32) 

Then  the  Allan  variance  can  be  written  in  terms  of  x(t)  121: 
a^(T)  <  lx(t*2T)  2x(ttT)  t  x(t)l*  > 


(33) 


Substituting  eq.(30)  and  (32)  into  (33)  one  finds,  as  shown 
in  appendix  A: 


Oy(T) 


Itl-oT 

TtfmT 


sin'‘‘(TtfmT) 

sin2(TifmT) 


(34) 

This  result  had  already  been  given  by  131  and  is  plotted  in 
fig.  3. 


Fig.  4  presents  computer  simulations  of  o^Ct)  based  on 
eq.(37).  Apart  from  a  modulation,  that  appears  around 

T  -  ~2f^  (with  n.  an  integer)  the  graphs  follow  approximately 

the  "true"  dependence  described  by  eti.(34).  The  additional 
modulation,  originate  from  the  additional  term  in  the  curly 
brackets  in  eq.(37)  and  show  a  dependence  on  and  N. 

represents  the  offset  in  the  modulation  phase  relative  to 
the  time  interval  starting  point. 

Thus,  when  estimating  Oyir)  through  eq.(3S)  one  should  be 
careful!  with  the  ambiguous  results  obtained  at 

This  problem  can  be  largely  avoided,  however,  by  using  the 
method  of  overlapping  samples  for  the  calculation  of  the  Allan 
variance  12|.  It  is  important  however  that,  the  smallest 
spacing  of  the  data.  tq.  should  be  much  smaller  then  the 
modulation  period,  Tm  -  l/fm- 

Then.  it  can  be  shown  that  the  phase  dependent  term  in  the 
curly  bracket  in  eq.(27)  gives  no  contribution  (this  can  still 
be  a  problem  if  strong  high  harmonics  exist). 

Eqs.(34)  and  (26)  can  now  be  used  to  find  Oy(T)  for  the 
small -signal  disturbance  case: 


However  in  practice  the  Allan  variance  is  often  evaluated  by 
the  formula  12 1: 

,V-2 


<r/(T)  =  2(N-2)t^  t  2x<r  + 


xv)^ 


(35) 


where; 


''»(■'■)  =  IT—  sin2lTT(Ai':i-Ai/i)T) 
nPO* 

(38) 

The  largest  stability  degradation,  according  to  (38)  occurs  at 
Tmax  =  l.  17/(Ai'2-Ai'i)n  where  Oymox  is  equal  to: 
0.72t-(Aw'2-Ai'i)/i/o. 

An  example:  Let  two  equal  amplitude  signals  of  lOMHz 
have  a  relative  offset  of  IXIO'"  and  interisolation  of  60dB. 
Then  each  signal  is  sine  wave  phase  modulated  and 
^ymoz “0 ■  72x  10  and  Tmox-3200  sec. 


4.2  General  periodic  phase-modulation 

Assume  that  the  phase  A<l>(t)  is  modulated  in  a  periodic 
manner.  Expand  A<l>(t)  by  a  Fourier  series: 


A<J>(t)  =  ^  1A„  cos(27infmt)  +  By  sin(27infmt)  1 

n  -  1 

(39) 

where  f^  =  l/T„  and  is  the  modulation  period.  Then  the 
Allan  variance  can  be  calculated  to  give  (see  appendix  B); 


B„^)  sin‘(nnfmT) 


(40) 


x*.  =  x(kT) 

(36) 

Here  N  discrete  reading  are  used  to  estimate  the  variance,  and 
the  time  axis  is  divided  into  intervals  of  length  t. 

In  this  case,  the  calculations,  which  are  given  in  appendix  A, 
result  in; 


<t/(t) 


(^^)^  sin'(TTfmT) 
TTVoT 


(1  +  g-cosl2Ttfm(N  f3)T  +  2Av3ml 


sin(2rTN  fn,T). 
sin(2TT  fmT)  ' 

(37) 


This  is,  in  effect,  the  discrete  form  of  the  well  known 
transformation  formula  from  phase-spectral -density  S«(f)  to 
Allan  Variance  11.2!; 

(Ty^Cr)  =  J  S*(f)  sin‘'(TtfT)df 

(41) 

Actually,  both  eq.(34)  and  eq.(40)  could  have  been  derived 
from  eq.(41)  with  the  aid  of  Dirac  ^-functions.  Eq.  (40), 
however,  exhibits  explicitely  the  contributions  of  the  in-phase 
terms  Ay  and  the  quadrature  terms  By. 
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4.3  Triangle  and  sawtooth  phase  modulations 


Fig.  4:  Allan  deviation  for  sine-wave  phase  modulation  based 
on  the  estimation  formula  (35). 


The  behaviour  of  the  phase  and  frequency  for  the  cases  of 
periodic  triangle  and  sawtooth  phase- modulations  is  illustrated 
in  fig. 5.  In  fig  6.  computer  simulations  of  a^Cr)  for  these 
modulations  are  presented.  The  simulations  are  based  on  the 
estimation  formula  (35),  rather  then  the  Fourier  sum.  in 
order  to  emphasise  the  irregularities  that  may  arise  using  the 
estimation  formula. 


Fig.  5:  I'ei  iodic  triangle  and  sawtooth  phase  modulations: 
phase  and  frequency  behaviour. 


Sawtooth  phase  modulation  is  a  limiting  case  of  triangle 
modulation  where  infinitely  narrow  and  infinitely  high  pulses 
occurs  in  the  frequency  domain.  This  gives  rise  to  the 
divergent  behaviour  of  the  Allan  deviation  at  t=0  as  ovserved 
in  fig  6c.  On  the  other  hand,  the  triangle  wave  picture  for 
OyCr)  shown  in  fig.  6a.  is  similar  to  the  sine  wave  case, 
shown  in  fig.  3. 


4.4  Considerations  of  noise  reduction 

In  section  2.2  a  noise  reduction  was  shown  to  occur  in  the 
sum  of  two  signals.  This  however  ignors  the  noise  that  arises 
due  to  the  phase  alignment  corrections.  If  phase  alignment  is 
performed  in  discrete  steps  then  the  phase  of  the  sum  is 
sawtooth-wave  modulated.  This  degrades  considerably  the 
short-term-stability  around  t-0  as  seen  in  Fig.  6c.  Thus,  in 
order  to  benefit  from  a  noise  reduction  (which  occurs  only  in 
the  short  term)  the  phase  steps  should  be  smoothed -out. 

This  may  lead  to  the  conventional  frequency  control  PLL. 
depicted  in  fig.  2b  and  discussed  in  section  2.1.  However, 
for  primary  frequency  sources  such  as  Cesium,  frequency 
control  is  not  possible.  In  the  later  case  we  propose  a  special 
scheme  of  phase  control  which  is  described  in  section  5. 


5.  Applications 

Key  locations  that  provide  reference  frequency  or  time 
usually  rely  on  several  frequency  sources  for  redundancy.  One 
of  the  sources  is  normally  being  used  to  realize  a  frequency 
output  while  the  others  are  kept  for  back-up.  In  case  of  three 
or  more  sources  a  "majority  vote"  can  be  performed  to  select 
the  best  source.  On  the  other  hand,  a  higher  status  national 
laooratories  use  ensemble  of  clocks  to  generate  a  software 
time  scale  [4.5,6].  A  software  clock  provides  time  and 
frequency  with  more  reliability,  stability  and  accuracy  then 
any  single  clock  in  the  ensemble.  A  hardware  clock  can  be 
realized  by  an  additional  oscillator  or  by  a  phase  microstepper, 
both  steered  by  the  software. 
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Signals  addition  may  be  implemented  to  the  above 
applications  so  as  to  best  utilizes  all  sources  available,  in 
order  to  attain  a  better  short  term  stability,  in  cases  where 
ovenized  or  rubidium  oscillators  are  used,  the  scheme  of 
frequency  steering  (fig.  3a)  is  suggested.  On  the  other  hand, 
for  higher  hierarchy  systems,  where  Cesium  standards  are  used, 
a  more  sophisticated  phase  steering  method  is  proposed. 

In  the  following  a  preliminary  short  description  of  the 
later  method  is  given.  The  general  scheme  is  outlined  in  Fig. 
7. 


TO  phase  cohpabatob  from  software  from  software 
AW  software  clock  clock 


Fig.  7:  A  proposed  scheme  for  realization  of  a  single 
low-noise  output  from  several  highly  accurate  oscillators. 


The  output  of  several  highly  accurate  sources  is  splitted  into 
two  channels.  One  channel  is  used  to  generate  a  software 
clock.  In  the  other  channel  the  signals  are  phase  aligned, 
amlitude  adjusted  and  summed  to  produce  a  signie  final 
output. 

Now.  the  software  algorithm  is  designed  to  produce  two  sets 
of  parameters;  "long-term  parameters"  based  on  the  long  term 
stabilities  and  "short-term  parameters"  based  on  the 
short-term  stabilities.  Then,  the  phase  alignment  of  each 
signal  is  made  against  the  long-term  software  phase  so  that 
the  relative  phase  is  kept  within  tr/lO. 

Phase  corrections  are  performed  simultaneously  and  smoothly 
to  all  phases  so  as  to  cancel  each  other  and  to  minimize  the 
phase  steps  of  the  sum  (relative  to  the  software  phase).  On 
the  other  hand  amplitudes  adjustments  to  each  signal  are  made 
according  to  the  short-term  weights  assigned  by  the  software. 

The  method  Just  described  has  the  following  advantages; 

a.  A  realization  of  a  hardware  clock  which  follows,  in  the 
long-term,  the  long-term  software  clock. 

b.  A  reduction  of  the  fractional  frequency  noise  in  the 
short-term.  This  can  be  rather  substantial  if  a  large  number 
of  sources  are  being  used. 

c.  A  high  reliability.  If  a  source  fails  the  amplitudes  and 
phases  are  automatically  adjusted  to  assure  a  constant 
amplitude  and  continuous  phase  at  the  output. 
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Using  the  estimation  formula  (35): 


1 

^  (x*  +  2  2x*.+  ,  + 


s  Xo  cos(2nfmlCTti\/>m) 


Then  calculation  like  (A4)  gives: 


—  (Xjrt2  -2x^.1  +  Xfc)  =  COs(2ttfm(k^l)T+A^m) 

xo 

•  1-4  sin7(nf„T)l 


Appendix  A: 

Calculation  of  q»(T)  for  Sine-Wave  Phase  Modultion 
a.  Calculation  based  on  the  definition 
We  use  the  following  definition  for  OyCr): 

=  <  2^  lx(t  +  2r)  -  2x(t  +  T)  +  x(t)12  > 


Sine-wave  phase  modulation  is  defined  by; 


I  " 

jT  ^  cos  l2ltfm(k+l)T+A/>ml* 

k-  1 

■  R  j  cos  l.'iifmfk^  1)t  +  2A^,„!| 

1  1  ^ 

"  2  ^  2N  [i  8TTfmT  +  2A^m]^  exp  [i-47tfm(k- |)t] 

k~  1 

=  I  .  ^  cos  [2nU(N.3)r.2A^„]  • 


x(t)  =  Xo  cos(2-itfmt+Ay)m) 


where  a  cosine  is  used  for  convenience  and, 


Then  substituting  (AlO)  and  (All)  into  (AS)  we  obtain  the 
final  result: 


Xo  =  A4>o  /  2itv'o 


—  lx(t  +  2T)  -  2x(t  +  T)  +  x(t)l  = 

*0 

Re  exp  (i  (2iTfm(t  +  T)  +  A;pnil)’lexp(i  27tfmT)  -  2 
+  exp(-i  2'nfmT))  =  cosl2Ttfm(t +t) (-AvJmM-^  sin2('nfmT)l 

(A4) 


<x/(t)  =  <  cos^  [2TTfm(t  +  T)  +  AyJm]>-l-4  sin‘'(7tfmT)  1 


The  infinite  time  average  gives; 


<  cos2l2TTfm(t  +  T)  +  A:2>inl  >  =  2 


<7,*(t)  =  5in'«(TTr„T) 


{l  .  i  cos  (2nU(N.3)r.2A^„)  •  *-^^1 


Appendix  B: 

Calculation  of  g»(T)  for  general  Periodic  Phase  Modulation 

Let  x(t)  be  a  periodic  function  with  a  period  Tm  =  l/fm- 
Expanding  in  a  Fourier  series: 


x(t)  =  ^  Un  cos(2iTnfmt)  +  b,  sin(2Ttnfmt)l 


Denoting; 


X„(t)  =  cos(2Ttnfmt) 


Y„(t)  =  sin(2ttnfmt) 


with  no  dependence  on  t  or  Apm 
Substituting  in  AS  gives  the  final  result: 

^  sin2(-nfmT) 


and  substituting  (Bl)  into  (Al)  and  rearranging  sums*: 

<7,*(t)  =  2t5  ^  lX,(tt2T)  -  2X,(t  +  T)  +  X.(t)| 

+  lb„  [Y.(tf2T)  -  2Y„(ttT)  +  Y,(t)l)  I*  > 
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As  in  (A4),  we  obtain; 


X,(t«'2T)  -  2X,(t(-T)  +  X,(t)  -  X,(t  +  T)  1-4  sin*(nnfmT)) 
y,(t4^2T)  -  2Y,(t4^T)  +  V,(t)  =  Y,(tfT)  1-4  sin2(TtnfmT)J 

(B5) 

Then  expanding  the  square  of  the  sum  and  exchanging  infinite 
time  average  with  the  infinite  sum*,  we  obtain; 

o,*(t)  =  ^  *«■  X,(ttT)  X,.(t  +  r)> 

»  »■ 

•  16  sin*  (itnfnjT)  sin*(Ttn'f„T) 

+  terms  with  X^-X,-  and  Y|,-X,.  and  Y.-Yn-I 

(B6) 

Orthogonality  relations  gives: 

<  X,(t>T)  X,.(t  +  T)  >  =  }  6„. 

<  Y,(t+T)-Y,.(t  +  T)  >  =  I  S„. 

<  X,(t  +  T)-Y,.(t  +  T)  >  =  0 

(B7) 

Hence  all  crossing  terms  in  (BS)  vanish  and  the  result  is 
obtained: 

=  ill  £  +  *>«*)  sin''(nnf„T) 

ifTi 

(B8) 


Finally  to  obtain  eq.(40)  one  substitutes: 

,  .  A,  ,  B. 

■  2iti/o  "  Ztti/o 


(B9) 


»  This  is  allowed  because  of  absolute  convergence. 


666 


FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FREQUENCY  CONTROL 


A  FREQUENCY-DOMAIN  VIEW  OF  TIME-DOMAIN  CHARACTERIZATION 
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David  W.  Allan,  Marc  A.  Weiss,  and  James  L.  Jespersen 

Time  &  Frequency  Division 
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Abstract 

An  IEEE  standard  (No.  1139-1988)  now  exists  for 
"Standard  Terminology  for  Fundamental  Frequency  and 
Time  Metrology.  As  defined  in  this  standard,  the  time- 
domain  stability  measure,  a^fr)  has  evolved  into  a  useful 
means  of  characterizing  a  clock’s  frequency  stability. 
There  exists  an  ambiguity  problem  with  Oyir)  for  power  - 
law  spectral  densities,  Sy(f),  proportional  to  f“,  where  a  S 
-t- 1 .  For  example,  white  noise  phase  modulation  (PM)  and 
flicker  noise  PM  appear  the  same  on  a  <ry(r)  plot.  Because 
of  this  ambiguity,  Mod(ry(r)  was  developed. 

More  recently,  it  has  become  apparent  there  is  no 
accepted  measure  for  the  performance  of  time  and 
frequency  distribution  systems.  At  the  current  time,  there 
is  an  important  need  for  a  good  method  for  characterizing 
time  and  frequency  transfer  links  in  telecommunication 
networks. 

Last  year  at  this  symposium  suggestions  were  given 
for  ways  to  characterize  time  and  frequency  distribution 
systems.  Because  of  the  above  ambiguity  problem,  <ry(r) 
was  shown  to  be  a  less  useful  measure  than  Modffyfr)  for 
such  systems.  It  was  shown  that  (T^(r)  =  T  Mod(ry(T)V3 
is  a  useful  measure  of  time  stability  for  distribution 
systems.  For  the  case  of  white  noise  PM,  a„(T)  is  simply 
equal  to  the  standard  deviation  for  r  equal  to  the  data 
spacing,  and  is  equal  to  the  standard  deviation  of  the 
mean  for  r  equal  to  the  data  length  (T). 

In  this  paper,  we  recast  these  measures  into  the 
frequency-domain.  We  treat  each  of  these  measures  as  a 
digital  filter  and  study  their  transfer  functions.  This  type 
of  measure  is  easily  related  to  the  passband  characteristics 
of  a  given  system,  a  particularly  useful  engineering 
approach. 

Introduction 

This  paper  concerns  the  characterization  of 
frequency  standards,  clocks  and  associated  systems.  These 
associated  systems  may  include:  time  and  frequency 
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measurement  systems,  time  and  frequency  transmissions 
systems,  time  and  frequency  comparison  systems,  and 
telecommunication  networks.  As  we  shall  see  no  single 
characterization  is  suitable.  However,  in  this  paper  we 
discuss  three  statistical  characterizations  which  cover  most 
of  the  situations  encountered  in  actual  practice. 

The  characterizations  that  we  require  can  be 
approached  from  two  points  of  view;  the  time  domain  and 
the  frequency  domain.  In  this  paper  we  describe  in  general 
terms  the  time  and  frequency  domain  approaches  and  then 
explain  in  some  detail  how  the  time  domain  approaches  can 
be  interpreted  from  the  frequency  domain  point  of  view. 
We  feel  it  is  important  to  make  this  interpretation  because 
of  the  significance  of  frequency  domain  approaches- 
particularly  in  engineering  environments. 

We  will  next  explain  why  the  mean  and  the  standard 
deviation  don’t  work  for  frequency  standards.  The  simple 
mean,  the  standard  deviation,  and  its  square  the  classical 
variance,  are  well  known  statistical  measures  of  a  set  of 
data  points.  It  seems  natural  therefore  that  we  should 
apply  such  measures  to  characterize  various  kinds  of  cluck 
associated  processes.  However,  application  of  these 
quickly  reveals  some  significant  problems. 

Let’s  begin  by  considering  the  computation  of  the 
mean  frequency  output  of  a  frequency  standard.  Normally, 
when  we  compute  the  mean  of  some  process  we  suppose 
that  including  more  data  points  in  the  computation  brings 
us  ever  closer  to  the  true  mean  of  the  process  and  that  an 
infinite  number  of  data  points  yields  the  true  mean.  Of 
course  in  the  real  world  we  must  be  content  with  a  finite 
number  of  points  always  leaving  some  uncertainty  in  our 
attempt  to  find  the  mean.  Nevertheless  we  assume  that  we 
can  approach  the  true  mean  as  nearly  as  we  like  if  we  are 
willing  to  collect  enough  data  points. 

Is  this  true  of  frequency  standards?  The  answer 
surprisingly  enough  is  "No!".  How  can  this  be?  The 
answer  is  simple  enough.  Frequency  standards  do  not 
generate  a  constant  frequency  output  contaminated  only  by 
white  noise.  If  they  did  we  could  average  the  output  to 
get  rid  of  the  noise.  That  is,  white  noise  is  the  kind  of 
noise  that  can  be  averaged  away.  This  is  because  for  every 
phase  advance  it  produces  in  the  output  of  the  frequency 
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standard,  it  eventually  produces  a  compensating  phase 
retardation,  so  that  the  two  cancel  in  the  averaging  process. 

Much  research  has  shown  that  a  number  of  noise 
processes,  in  addition  to  white  noise,  afflict  frequency 
standards,  we  can  qualitatively  say  that  these  other  kinds 
of  noise  represent  trends -not  necessarily  linear  trends-in 
the  output  frequency  of  a  standard.  In  later  sections  of  this 
paper,  we  will  quantitatively  identify  these  "trends"  but  for 
now  we  will  stay  with  the  generic  "trend"  since  this  notion 
is  enough  to  demonstrate  why  standard  statistical  methods 
don’t  work  for  frequency  standards. 

As  an  example,  consider  a  frequency  standard 
whose  frequency  output  is  contaminated  with  while  noise 
and  also  increases  linearly  with  time— a  very  simple  kind  of 
trend.  What  can  we  say  about  the  mean  output  frequency 
of  such  a  standard?  Not  much,  because  there  is  no 
average;  we  have  defined  the  standard  as  producing  a 
monitonically  increasing  frequency.  The  frequency  we  find 
by  averaging  is  a  function  of  when  we  start  the 
measurement  and  the  length  of  time  over  which  the  average 
is  made. 

What  can  we  do  when  confronted  with  such  a 
situation?  An  obvious  answer  is  to  remove  the  trend,  by 
whatever  means,  and  then  compute  the  mean  in  the  normal 
way  from  the  modified  data.  In  this  way  we  would  expect 
to  converge  on  the  true  mean  as  we  average  away  the  white 
noise  by  using  ever  more  data  points. 

The  process  we  have  just  described  is  the  essence  of 
a  number  of  approaches  that  have  been  developed  to 
produce  useful  statistical  measures  for  the  output  signals  of 
frequency  standards  and  related  devices. [1]  We  can  think 
of  it  as  a  two  step  process:  First  we  remove  the  offending 
trends,  and  then  we  compute  the  statistical  measures  in  the 
standard  way.  This  process  is  not  always  evident  when  we 
look  at  the  statistical  measures  in  common  use.  More  often 
than  not,  the  two  ^icps  arc  comuiiicd  into  one  obseuiing  the 
underlying  process. 

We  will  next  describe  the  frequency-  and  time- 
domain  measures  of  frequency  and  time  stability.  The 
'•andard  deviation  and  the  mean  are  examples  of  what  are 
called  time  domain  measures.  That  is,  we  collect  a  number 
of  data  points,  one  after  the  other,  and  then  use  these 
points  to  construct  some  useful  statistical  measure.  There 
are  also  frequency  domain  measures.  The  power  spectral 
density  of  a  set  of  data  points  is  an  example.  It  provides 
us  with  a  picture  of  the  deviations  in  the  data  having  a 
particular  (Fourier  frequency)  spectral  component. 

As  you  might  suspect,  frequency-  and  time-domain 
measures  are  related.  In  later  sections  of  this  paper  we 
explore  in  some  detail  the  relationships  between  time-  and 
frequency-domain  measures.  However,  as  a  simple 
example  consider  the  following.  Suppose  we  want  to 
remove  a  long  term  trend  from  the  output  signal  of  a 


frequency  standard.  There  are  a  number  of  ways  we  might 
proceed.  We  might,  for  example,  fit  a  polynomial  to  the 
data  and  subtract  this  polynomial  from  the  data  to  generate 
a  new  set  of  data  which  we  could  then  treat  in  standard 
statistical  fashion.  If  the  trend  were  strictly  linear,  then  the 
[tolynomial  curve  would  simply  be  a  straight  line  whose 
slope  revealed  the  magnitude  of  the  frequency  drift. 

Another  approach  is  to  pass  the  data  through  a  high 
pass  digital  filter  lo  remove  the  low  frequency  components- 
-which  is  what  a  trend  looks  like  to  such  a  filter.  [2] 

A  particularly  simple  high  pass  filter  can  be 
constructed  by  taking  what  are  called  "first  differences"  of 
the  data.  That  is  we  subtract  the  kth  data  point  from  the 
kth  -I-  1  data  point,  for  all  data  points.  This  process 
effectively  removes  long  term  trends  from  the  data. 

As  we  shall  see  later  the  "first  differencing" 
process  corresponds  to  a  digital  filler  in  the  frequency 
domain  whose  characteristics  can  be  defined  precisely.  We 
should  also  add  that  the  polynomial  fitting  procedure  also 
corresponds  to  a  particular  digital  filter.  However  the 
emphasis  in  this  paper  is  on  "difference"  type  procedures 
since  they  are  easy  to  implement  and  are  commonly  used 
by  the  time  and  frequency  community. 

We  now  describe  three  different  variances.  One  is 
particularly  useful  for  characterizing  the  frequency  stability 
of  clocks  and  oscillators.  The  next  is  most  useful  for 
characterizing  the  frequency  stability  of  time  and  frequency 
measurement  systems,  distribution  and  comparison  systems 
as  well  as  for  distinguishing  between  white  noise  PM  and 
flicker  noise  PM.  The  last  is  most  useful  for  characterizing 
the  time  stability  of  any  of  the  above  as  well  as  for  network 
synchronization;  e.g.  telecommunications  network.  All 
three  of  these  variances  are  built  upon  taking  finite 
differences  of  the  data. 

The  noiioii  of  taking  differences  to  remove  trends 
in  data  is  an  old  one.  We  quote  von  Neuman  et.  al.  from 
a  1942  paper  [3]: 

"There  are  cases,  however,  where  the  standard 
deviation  may  be  held  constant,  but  the  mean  varies  from 
one  observation  to  the  next.  If  no  correction  is  made  for 
such  variation  of  the  mean,  and  the  standard  deviation  is 
computed  from  the  data  in  the  conventional  way,  then  the 
estimated  standard  deviation  will  tend  to  be  larger  than  the 
true  population  value.  When  the  variation  in  the  mean  is 
gradual,  so  that  a  trend  (which  need  not  be  linear)  is 
shifting  the  mean  of  the  population,  a  rather  simple  method 
of  minimizing  the  effect  of  the  trend  on  dispersion  is  to 
estimate  the  standard  deviation  from  differences." 
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Perhaps  the  most  important  part  of  this  quote  is  the 
parenthetical  “which  need  not  be  linear "  As  it  turns  out 
taking  first  differences  and  second  differences -repeating 
the  differencing  process  twice-is  sufficient  to  remove  most 
of  the  kinds  of  noise  that  one  encounters  in  clocks.  Much 
of  the  work  in  the  last  few  decades  in  the  statistical 
characterization  of  frequency  standards  has  been  directed 
toward  understanding  in  detail  the  implications  of  using  the 
differencing  approach.  Today  this  approach  is  the  mainstay 
of  time  domain  approaches  to  characterizing  time  related 
processes.  In  this  paper  we  will  focus  on  three  such 
characterizations  with  their  associated  interpretations  in  the 
frequency  domain.  We  briefly  introduce  them  here  with 
details  following  in  later  sections. 

The  first  statistical  measure  we  want  to  introduce, 
also  historically  the  oldest,  is  called  the  ‘two-sample 
variance,”  the  "pair  variance"  or  the  "Allan  Variance"  [1, 
4-6]  It  is  denoted  o^(t)  and  referred  to  herein  as  AVAR. 
It  is  defined  as  follows: 

oJ(T)  =  j  <(Ay)2>,  (1) 

where  the  brackets  "  <  > "  denote  expectation  value,  A  is 
the  first  finite  difference  operator  and  y  is  the  relative 
frequency  offset  as  defined  below. 

AVAR  was  developed  to  address  the  problem  of 
finding  a  suitable  measure  of  the  variability  of  the  output 
frequency  of  a  frequency  standard.  As  we  know,  the 
computation  of  the  standard  variance  will  not  work  when 
applied  to  frequency  standards  because  they  contain  noise 
processes  which  cannot  be  averaged  out.  ITie  core  idea  of 
the  Allan  variance  has  already  been  introduced— the 
differencing  method.  Here  the  data  to  be  differenced 
consists  of  a  number  of  samples  of  the  frequency  of  the 
standard  taken  over  some  period  of  time.  The  differencing 
procedure  filters  the  noise  processes  that  make  the  normal 
variance  computation  unsuitable.  The  actual  formula, 
discussed  later,  accomplishes  both  the  filtering  and  the 
variance  computation  in  the  same  step. 

Before  we  leave  AVAR  in  this  introductory  section 
we  should  point  out  one  thing.  The  output  of  a  frequency 
standard  is  actually  a  signal  whose  phase  advances  in  time 
V.  ith  respect  to  some  reference.  We  use  phase  or  time 
difference  almost  interchangeably.  This  is  so  because  they 
are  directly  proportional:  x(t)  =  where  is 

the  phase  difference  reading  in  radians  between  two 
standards.  The  dimensions  of  x(t)  are  time.  In  practice, 
the  frequency  is  derived  by  measuring  the  time  or  phase 
difference  x(t)  of  the  signal  between  the  standard  in 
question  and  the  reference  at  two  different  times  say  t  and 
t-t-T  giving  us  phases  x(t)  and  x(t-l-T). 

Let  i'(t)  be  the  output  frequency  of  the  standard  in 
question,  and  let  be  the  frequency  of  the  reference.  We 


will  assume,  without  loss  of  generality,  that  is  perfect. 
The  average  relative  frequency  offset,  y(t)  = 
of  the  standard  in  question  over  the  time  interval  t  to  t-t-r 
is  then 

y(,)  =  (2) 

T 

If  we  think  of  AVAR  from  the  point  of  view  of 
phase  measurements  x(t)  instead  of  frequency 
measurements  y(t),  then  AVAR  is  constructed  in  terms  of 
the  second  differences  in  phase  but  first  differences  in 
frequency  since  frequency  by  definition  is  obtained  from 
first  differences  in  phase.  An  alternative  and  very  useful 
definition  of  AVAR  is  as  follows: 

oJ(t)  =  <(A^X)^>,  (3) 

where  "A-"  is  the  second  finite-difference  operator. 

The  second  statistical  measure  we  want  to  introduce 
is  called  the  modified  Allan  variance  or  from  here  on 
"MVAR."  [5,  7-9]  It  is  defined  as  follows: 

oJ(x)  =  <(A2i)2>,  (4) 

2x2 

where  x"  denotes  phase  averages  being  used  in  the  second 
difference.  We  note  that  equations  (3)  and  (4)  are  identical 
except  for  the  phase  averages.  The  three  sequential  phase 
averages  are  each  taken  over  an  interval  r.  As  t  changes, 
this  changes  the  bandwidth  in  the  software  in  just  the  right 
way  to  remove  the  ambiguity  problem  in  AVAR.  In  other 
words,  MVAR  can  distinguish  between  white  noise  PM  and 
flicker  noise  PM,  whereas  AVAR  cannot.  In  a  later 
section  this  distinction  will  be  more  evident  when  we 
compare  MVAR  and  AVAR  from  the  frequency  domain 
point  of  view. 

Both  AVAR  and  MVAR  are  particularly  suited  to 
characterizing  the  frequency  instabilities  of  frequency 
standards.  However  there  are  situations  where  the 
emphasis  is  not  on  frequency  but  on  time  measurements. 
This  brings  up  the  final  measurement  we  want  to  introduce, 
TVAR,  where  the  "T"  emphasizes  the  fact  that  we  are 
focusing  on  time  rather  than  frequency  measurements.  It 
is  defi"'*'!  as  follows: 

al(x)  =  1  <(A2i)2>.  (5) 

o 

We  see  that  a^fr)  is  just  rModffyfrjA/Tand  has  many  of  the 
advantages  of  Modffy(T),  but  is  now  a  time  stability 
measure. 

How  does  the  change  in  emphasis  come  about?  [10- 
11]  The  notion  of  studying  frequency  instabilities  has  a 
local  flavor  to  it  in  the  sense  that  frequency  is  defined  by 
a  certain  resonance  frequency  of  the  Cesium  atom  or  quartz 
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resonator  while  epoch  time  is  an  arbitrary  manmade 
concept  requiring  coordination  over  time  and  space.  Thus 
if  we  want  to  compare  the  frequencies  of  two  "‘motely 
located  standards  we  need  to  introd.4i-  some 
communication  link  which  allows  us  to  coin  -  ^e  the  phase 
or  time  difference  between  our  two  do  '  .  By  measuring 
the  change  in  the  time  or  phase  difference  between  these 
two  standards  over  time  we  can  determine  the  frequency 
offset  between  the  two  clocks. 

Furthermore  we  might  also  want  to  determine  the 
actual  time  offscr  jetween  the  clocks  which  again  leads  us 
to  making  time  or  phase  difference  measurements.  Both  of 
these  examples  point  up  the  need  for  some  statistical 
characterization  where  the  focus  is  on  time  or  phase  rather 
than  frequency,  hence  TVAR.  So  there  is  no  confusion, 
we  should  point  out  that  the  time  or  phase  difference 
between  two  clocks  is  a  measurement.  Whereas,  the  finite- 
difference  operators,  as  in  the  above  variance  definitions, 
operates  on  a  time  series  of  measurement  data.  The 
advantages  and  disadvantages  of  these  three  variances  will 
be  more  apparent  later.  [11] 

We  shall  also  look  at  the  TVAR  transfer  function 
from  the  frequency  domain  point  view  This  view  and  some 
other  considerations  reveal  why  TVAR  is  a  more  suitable 
measure  for  time  related  measurements  than  AVAR  and 
MVAR. 


Transfer  Function  Approach  to  Variances 

A  variance  can  be  viewed  from  either  the  time 
domain  or  the  frequency  domain.  [12-14]  We  intend  to 
look  at  variances  from  both  perspectives  to  aid  in 
understanding  what  certain  variances  measure.  We  begin 
by  describing  the  relationship  between  the  variances  in  the 
two  domains. 

Ax  Variances  in  the  Time  Domain:  Convolution 

If,  in  the  time  domain,  we  have  a  time  series  of 
observables,  x(t),  we  may  define  a  particular  variance  with 
the  help  of  a  convolving  function,  h(t),  where  h(t)  is  the 
impulse  response  function.  We  use  the  convolution,  g,  of 
X  and  h: 


g(X)  =  fx(t)h(t-X)dt.  (« 

The  variance  corresponding  to  A,  of  the  time  series  xftj  is 
the  infinite  time  average  of  g  squared, 

■  rZi  1 

'  x—m 

The  convolving  function  h,  here,  is  the  important 
definition.  It  determines  how  the  variance  selects  data  in 
the  time  domain,  which  is  then  squared  and  averaged.  For 
example,  the  convolving  function,  h,  for  the  classical 
variance  is  the  step  pulse;  [2] 


h(t) 

I 

vrr= 


T 


t 


Figure  1 .  Impulse  response  function  for  classical  variance. 
Each  sample  is  taken  over  with  an  averaging  time  r.  Each 
sample  is  differenced  with  the  mean,  squared  and  averaged 
to  obtain  the  classical  variance. 

This  makes 


«(<)  =  JfCO,  , 

the  average  value  of  x  from  r  to  /+r.  Thus  the  variance 
here  is  simply  the  second  moment  of  X. 


pulse; 


For  the  Allan  Variance  (AVAR),  h  is  the  double 


Figure  2.  Impulse  response  function  for  the  Allan  or  two- 
sample  variance.  Adjacent  measurements— each  averaged 
over  an  interval  r-are  differenced.  This  change  from  one 
interval  r  to  the  next  is  squared  and  averaged  across  the 
data,  then  divided  by  2  for  an  AVAR  estimate. 


This  makes  the  AVAR  the  expected  value  of  the  first 
difference  squared.  The  normal  use  of  AVAR  is  to 
characterize  frequency  stability.  Thus,  if  x(i)  is  a  time 
scries  of  clock  time  differences,  the  first  difference  of  these 
divided  by  t,  y(i),  is  the  corresponding  time  series  of 
frequency  differences,  averaged  over  the  interval  r.  Then 
convolution  for  the  usual  AVAR  is 


g(f)  =  fy(X)h,(X-t)dX,  W 

giving  a  first  difference  of  frequencies  averaged  over  a 
time  interval  r,  or  a  second  difference  of  time  values.  The 
integral  of  the  square  of  this  g  results  in  the  Allan,  or  two- 
sample  variance 


m 


X  •  -r/2 


<(y,  -  y..,)^)H0) 
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For  the  Modified  Allan  Variance  (MVAR),  we  first 
note  that  in  the  Allan  variance  the  time  interval  for 
averaging  frequency,  t,  is  a  multiple  of  the  basic  sampling 
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interval  tq.  Thus,  it  is  possible  to  make  n  shifts  of  the 
pulses  in  figure  2  by  j-q,  where  r  =  n  ro.  The  modified 
Allan  variance  averages  several  first  differences  of 
frequency  in  this  way,  thus  adjusting  the  software 
bandwidth  to  exploit  the  bandwidth  dependence  of  while 
phase  noise.  As  an  example  we  show  ih;  convolving 
function  for  MVAR  as  the  sum  of  two  functions,  as  in 
figure  2,  displaced  by  t/2. 


h(t) 


Figure  3.  Impulse  response  function  for  the  modified  Allan 
or  two-sample  variance.  This  results  from  forming  a 
second  finite-difference  from  three  contiguous  intervals. 
Each  interval  contains  the  phase  or  time  averaged  over  an 
interval  t.  These  second  differences  are  squared  and 
averaged  across  the  data,  then  divided  by  2r  for  an 
MVAR  estimate. 

The  new  variance,  <rj(r)  (TVAR),  is  simply 
r^  ModcrJ(r)/3.  Thus,  the  convolving  function  has  the 
same  shape  as  in  figure  3,  but  the  vertical  scaling  needs  to 
be  multiplied  by  7^/3. 


Second,  we  use  the  mathematical  relation  that  the 
Fourier  transform  of  a  convolution  is  the  product  of  the 
Fourier  transforms.  Let  us  put  these  two  facts  together. 
For  the  general  variance  <r,  defined  as  the  integral  of  the 
square  of  the  time  series  x(t)  convolved  with  hfrj,  we  have 

(12) 

0 

where  is  the  spectrum  of  x,  and  Hif)  is  the  Fourier 
transform  of  h. 

This  Htf)  is  the  transfer  function  of  the  variance. 
This  differs  from  the  usual  use  of  the  term  "transfer 
function"  in  that  instead  of  producing  a  signal  sculpted  by 
the  shape  of  H,  we  produce  a  variance  which  is  sensitive 
to  frequencies  according  to  the  shape  of  H.  [2] 

This  last  equation,  then,  gives  the  relationship 
between  the  definitions  of  variance  in  the  time  and 
frequency  domains.  We  see  that  the  convolving  function 
h  that  defines  how  the  variance  selects  data  in  the  time 
domain,  also,  via  its  Fourier  transform,  defines  which 
frequencies  the  variance  is  sensitive  to. 

C.  Transfer  Functions  of  AVAR.  MVAR.  and  TVAR 

The  transfer  function  for  AVAR  is  shown  in  figure 
4,  a  linear  plot,  for  two  different  values  of  n,  where  r= 
n-To-  We  see  that  the  variance  selects  a  band  of 
frequencies  for  a  given  r,  and  that  the  width  of  this  band 
decreases  as  r  increases.  Also  note  that  the  function  goes 
to  0  at  the  origin.  Indeed  it  goes  to  0  fast  enough  that  it 
remains  integrable  when  multiplied  by  an  P  spectrum  with 
a  greater  than  -3.  [6] 


Variances  in  the  Frequency  Domain:  Transfer 
Function 

We  now  examine  the  impulse  response  functions  of 
these  variances  as  transformed  into  the  frequency  domain. 
We  will  see  that  the  convolving  function  h  again  is  the 
important  definition.  In  this  domain,  the  Fourier 
transform,  H  of  h,  becomes  a  kind  of  transfer  function  for 
defining  the  variance. 

There  are  two  steps  to  understanding  the  passage 
from  the  functions  we’ve  discussed  in  the  time  domain  to 
the  frequency  domain.  First  we  use  the  fact  that  an  infinite 
time  average  of  a  function  squared  equals  the  integral  of 
the  spectrum  of  that  function: 

/  gW^dX  =  ]s(^df  (11) 

k-TTl  0 

Since  the  variance  is  an  infinite  time  average  of  the  square 
of  the  function  g,  it  also  equals  the  area  under  the  power 
spectral  density  of  g,  the  square  of  the  Fourier  transform 
of  g. 
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Figure  4.  This  is  a  plot  of  the  squared  transfer  function  of 
the  impulse  response  function  shown  in  figure  2.  It  is  the 
function  that  multiplies  the  spectrum  of  the  frequency 
deviations  to  obtain  It  is  plotted  hear  for  two  values 
of  r  (Tg  and  2Tg  where  I/t^  =  1).  Note,  the  abscissa  is 
linear  and  that  the  bandwidth  of  H(f)  decreases  as  r 
increases. 
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In  figure  5,  we  see  the  transfer  f...vtions  plotted  on 
a  logarithmic  horizontal  axis  for  n  taking  on  the  first  eight 
powers  of  2.  We  see  that  logarithmically,  the  bandwidth 
remains  constant,  and  that  the  power-of-two  transfer 
functions  scan  more-or-less  independent  frequency  bands. 

Figure  6  shows  the  sum  of  these  transfer  functions.  We 
see  here  that  this  sum  yields  a  flat  band-pass  filter.  The 
interpretation  here  is  that  this  band  pass  represents  the  sum  5 

of  information  presented  in  ^^(t)  versus  r  plot.  That  is,  5 

the  Allan  variance  plot  of  points  chosen  with  n  equal  to  a 
range  of  powers-of-two  shows  the  stability  of  the  data  due 
to  a  certain  band  of  frequencies.  The  sensitivity  of  AVAR 
to  the  different  frequencies  in  this  band  is  nearly  constant. 

The  band  extends  from  l/(2nro)  to  where  n  is  here 

the  highest  power  of  2  chosen  for  the  Cyfr)  plot. 


TKAN.SFKH  KUNl  IION  as  il  iKpeiids  un  ’ 


Figure  5.  This  is  a  plot  of  squared  transfer  functions  of  the 
impulse  response  function  shown  in  figure  2  for  8  values  of 
T  (1,  2,  4,  8.... 128  X  Tg).  Note,  the  abscissa  is 
logarithmic,  and  the  apparent  width  of  each  transfer 
function  is  the  same.  They  also  appear  distributed 
uniformly  across  a  certain  span  of  Fourier  frequencies. 

Next  we  look  at  the  transfer  function  for  MVAR. 
Analogous  to  AVAR,  we  see  in  figure  7  the  MVAR 
transfer  function  in  a  linear  plot  for  two  different  t  values. 
Here  also,  we  see  that  the  bandwidth  decreases  as  r 
increases,  but  in  addition,  the  amplitude  decreases  also. 
This  comes  from  the  additional  software  filter  in  MVAR, 
the  phase  averaging,  allowing  MVAR  to  distinguish  white 
phase  noise  from  flicker  phase  noise.  In  figure  8  the 
MVAR  transfer  functions  for  powers-of-two  r  values  are 
summed  as  in  figure  6;  again,  we  see  a  flat  band-pass. 
Thus,  an  MVAR  power-of-two  plot  also  presents  the 
stability  information  due  to  a  range  of  frequencies,  with 
nominally  equal  sensitivity  to  frequencies  within  the  range. 
For  the  same  range  of  t  values,  the  MVAR  cumulative 
transfer  function  is  a  little  wider  than  that  of  AVAR  and 
the  high  frequency  end  is  slightly  steeper. 


AVAR  CUMlil.ATIVF  TkANSFFH  FUNCTION 


f  Hi  units  of  \/r  for  9  values  of  t 


Figure  6.  This  figure  shows  the  sum  of  the  squared 
transfer  functions  for  9  values  of  t  (1,  2,  4,  8.... 256  x  r^) 
for  o?(t).  We  conclude  that  a  plot  for  such  a  set  of 
T  values  gives  a  nearly  constant  response  to  Fourier 
frequency  over  about  two  decades. 
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Figure  7.  This  is  a  plot  of  the  squared  transfer  function  of 
the  impulse  response  function  shown  in  figure  3.  It  is  the 
function  that  multiplies  the  spectrum  of  the  frequency 
deviations  to  obtain  Modo^(r).  It  is  plotted  hear  for  two 
values  of  t  (t^  and  2Tg  where  l/r^  =  1).  Note,  the 
abscissa  is  linear  and  that  the  bandwidth  of  H(f)  decreases 
as  r  increases.  Notice  also,  that  the  amplitude  decreases 
with  increasing  r.  This  is  due  to  the  software  band-width 
change  brought  about  by  phase  averaging. 

In  figure  9,  we  see  the  TVAR  transfer  function. 
Note  here  that  the  function  "rings"  forever.  That  is, 
neighboring  sinusoidal  lobes  do  not  die  out.  Of  course 
with  finite  data  sampling,  there  is  always  a  high-frequency 
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Figure  8.  This  figure  shows  the  sum  of  the  squared 
transfer  functions  for  9  values  of  t  (1,  2,  4,  8.... 256  x  t^) 
for  Mod(Tp(T).  We  conclude  that  a  Mod<Ty(T)  plot  for  such 
a  set  of  T  values  gives  a  nearly  constant  response  to  Fourier 
frequency  over  slightly  more  than  two  decades. 
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Figure  9.  This  is  a  plot  of  the  squared  transfer  function  of 
the  impulse  response  function  for  TVAR.  It  is  the  function 
that  multiplies  the  spectrum  of  the  time  deviations  to  obtain 
<t,*(t).  It  is  plotted  hear  for  two  values  of  t  (t^  and  2to 
where  I/t^  =  1).  Note,  the  abscissa  is  linear  and  that  the 
bandwidth  and  the  amplitude  of  H(0  decrease  as  r 
incieases— similar  to  MVAR.  As  with  MVAR,  this  is  due 
to  the  software  band-width  change  brought  about  by  phase 
averaging.  This  transfer  function,  for  a  given  t,  has  repeat 
lobes  into  the  higher  Fourier  frequencies  indefinitely. 

cut-off  given  by  the  Nyquist  frequency  1/(2t„).  The  sum 
of  powers-of-two  transfer  functions,  figure  10,  shows  a 
fairly  flat  band-pass  up  to  the  high-frequency  end  where 


there  is  greater  frequency  sensitivity-peaked  at  the  Nyquist 
frequency,  f^jy^.  Frequencies  higher  than  the  Nyquist 
frequency  can  be  aliased  into  a  TVAR  computation  up  to 
the  cut-off  frequency,  fj,.  This  points  out  the  value  of  the 
general  rule  to  have  the  sampling  period  equal  to  or  less 
than  l/(2ffjyq).  Then  aliasing  will  not  be  a  problem. 


TVAR  CUMULATIVK  TRANSKKK  n  M  IlON 
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f  in  units  of  1/t  for  9  values  of  t 

Figure  10.  This  figure  shows  the  sum  of  the  squared 
transfer  functions  for  9  values  of  r  (1,  2,  4,  8.... 256  x  t^) 
for  TVAR.  We  conclude  that  a  plot  for  such  a  set 
of  T  values  gives  a  nearly  constant  response  to  Fourier 
frequency  over  slightly  two  decades  but  with  increased 
sensitivity  to  Fourier  frequencies  at  the  Nyquist  freqi  ;ncy, 
f^y,,  and  at  1/2  f^y,.  Frequencies  higher  than  2fNyq  can  be 
aliased  into  the  computation  of  TVAR.  Frequencies  will  be 
aliased  up  to  the  measurement  system  cut-off  frequency  fh. 
Maximum  aliasing  occurs  at  3/2,  5/2,  7/2... x  ffjj,^.  A  null 
occurs  at  twice  the  Nyquist  frequency.  Sensitivities  at  the 
non-aliased  frequencies  above  2ffjyq  are  about  the  same  as 
they  are  below  the  Nyquist  frequency. 

If  the  data  sampling  rate,  t„,  is  greater  than 
l/(2ffjyq),  then  a  TVAR  plot  will  include  Fourier  energy 
from  l/(2nro)  up  to  f,,  with  about  equal  sensitivity,  except 
at  the  aliased  values  (3/2,  5/2,  7/2...  X  f^y™  up  to  4).  If 
f,,  is  equal  to  fyjy^,  then  the  TVAR  cumulative  transfer 
function  looks  very  much  like  the  MVAR  cumulative 
transfer  function. 


In  the  previous  sections  we  have  learned  of  three 
time  domain  statistical  measures  that  are  particularly 
appropriate  for  applications  involving  frequency  standards, 
clocks  and  their  associated  measurement,  comparison  and 
distribution  systems.  We  have  also  seen  in  some  detail 
how  these  three  time  domain  measures  can  be  interpreted 
in  the  frequency  domain.  In  this  section  we  consider  where 
each  time  domain  measure  is  most  appropriately  applied. 
As  we  shall  see,  the  selection  of  the  appropriate  time 
domain  measure  is  a  function  of  the  types  of  noise  which 
are  characteristic  of  the  process  we  are  investigating  as 
well  as  whether  we  want  to  study  time  stability  or  the 
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frequency  stability.  We  want  to  choose  that  measure  which 
most  clearly  rev^s  the  types  and  levels  of  noise  involved 
in  a  particular  application. 

As  we  stated  in  the  introduction,  AVAR  and  MVAR 
were  developed  first,  while  TVAR  is  the  newest  member 
of  our  triad  of  statistical  measures.  In  general  terms, 
AVAR  and  MVAR  are  the  measures  to  use  when  we  are 
primarily  interested  in  systems  and  devices  where 
frequency  is  the  quantity  of  interest,  while  TVAR  is  more 
appropriate  where  the  quantity  of  interest  is  primarily  time 
or  phase. 

Before  we  begin  our  discussion  of  specific 
applications,  let’s  briefly  review  the  five  kinds  of  noise 
processes  we  are  likely  to  encounter  for  the  systems 
discussed  in  this  paper.  Although  there  are  many  ways  to 
inventory  these  noise  processes  it  is  common  in  the  time 
and  frequency  literature  to  list  them  as  follows: 

1.  white  noise  PM  (phase  modulation) 

2.  flicker  noise  PM 

3.  white  noise  FM  (frequency  modulation) 

4.  flicker  noise  FM 

5.  random  walk  FM 

Mathematically  these  noise  processes  have  the 
power-law  spectral  density  relationships  shown  in  the  Table 
1 .  Table  2  shows  the  appropriate  mathematical  expression 
for  each  of  the  three  time  domain  measures.  Table  3  gives 
the  coefficients  needed  to  translate  from  the  time  domain  to 
the  frequency  domain. 

Figure  1 1  displays  illustrative  examples  of  the  time 
variation,  x(t),  of  these  noise  processes.  As  we  proceed 
from  type  1  through  type  5  noise  we  notice  ftat  the 
amplitude  variation  with  time  grows  increasingly  more 
slowly.  Generally  speaking,  for  our  applications,  the 
physical  explanation  for  this  trend  is  as  follows.  The  time 
variations  with  a  and  spectrum,  for  example,  are 
often  related  to  environmental  factors  such  as  temperature 
variations,  mechanical  shock,  and  path  delay  variations 
while  the  faster  variations  represented  by  f°  and  f* 
processes  are  more  likely  related  to  internal  characteristics 
of  the  device  itself.  Here,  for  example,  we  think  of  the 
noisy  electronic  components  that  make  up  the  amplifying 
stages  in  a  frequency  standard. 

As  we  have  learned  in  previous  sections  AVAR, 
MVAR  and  TVAR  have  different  characteristics  in  the 
frequency  domain  so  it  is  not  surprising  that  one  time 
domain  measure  is  better  suited  for  one  kind  of  noise 
process  than  another. 

AVAR  and  MVAR  are  frequency-stability  measures, 
and  AVAR  is  particularly  suited  for  measuring  the 
intermediate  to  long-term  stability  of  clocks  and  oscillators. 
MVAR  is  generally  more  suited  for  electronically 


SIMULATED  POWER-LAW  SPECTRA 

a  a  TIME  DEVIATIONS 


Figure  1 1 .  This  is  a  display  of  the  commonly  occurring 
five  power-law  spectral  density  processes.  These  are  often 
used  as  models  for  the  time  and/or  frequency  deviations  in 
precision  frequency  sources. 

generated  noise  processes  and  short-term  frequency  stability 
measurements.  TVAR  is  a  time-stability  measure  and  is 
also  suited  for  electronically  generated  noise  processes. 
Both  MVAR  and  TVAR  are  ^so  sensitive  to  low  frequency 
components  often  determined  by  environmental  factors. 
TVAR  is  particularly  suited  for  measuring  the  stability  of 
time  dissemination,  comparison  or  measurement  systems. 
It  is  also  well  suited  as  a  measure  of  synchronization 
stability  in  telecommunication's  networks. 

We  can  see  this  from  a  different  perspective  by 
considering  how  AVAR,  MVAR  and  TVAR  vary  with  r 
for  our  five  dominant  noise  processes.  Figures  12,  13  and 
14  display  the  r  dependance  for  our  three  time  domain 
measures.  If  we  look  at  figure  12,  we  see  that  AVAR  does 
not  discriminate  between  white  PM  and  flicker  PM.  This, 
as  we  said  earlier,  was  one  of  the  primary  reasons  for 
introducing  MVAR,  which  as  figure  13  shows,  does 
discriminate  between  white  PM  and  flicker  PM.  If  we  look 
at  figure  14,  we  see  that  TVAR  displays  unambiguously  the 
five  noise  types,  as  does  MVAR,  but  that  it  also  more 
clearly  reveals  the  presence  of  white  PM  and  flicker  PM 
than  does  MVAR.  This  is,  of  course,  the  reason  that 
TVAR  was  introduced  since  it  "focuses"  on  the  noise 
processes  that  are  of  most  interest  when  we  are  making 
phase  or  time  measurements. 
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Table  1.  The  power-law  spectral  density  relationships  for  the  five  kinds  of  noise  processes  we 
are  likely  to  encounter  for  the  systems  discussed  in  this  paper. 


NOISE  TYPE 

a 

/3 

m’ 

V 

White  PM 

2 

0 

-2 

-3 

-1 

Flicker  PM 

1 

-1 

-2 

-2 

0 

White  FM 

0 

-2 

-1 

-1 

■ 

Flicker  FM 

-1 

-3 

0 

0 

2 

Random  Walk  FM 

-2 

-4 

1 

1 

3 

Where: 

(t  )  =  a^T^ 

Sy(f)  =  h„  P 

Mod  Oy^  (r)  = 

Sy(0  =  h„  P 

S,(f)  = 

cr^Hr)  =  Mod  ffy^T) 

Sy(f)  =  (2Tf)2  S,(f) 

'Table  2.  The  appropriate  mathematical  expression  for  each  of  the  three  time  domain  measures. 


1  ABBREVIATION 

NAME 

EXPRESSION 

1  AVAR 

ALLAN  VARIANCE 

oJ(t)  =  |<(Ay)^> 

=  -L<(aV> 

2t^ 

MVAR 

MODIFIED 

ALLAN  VARIANCE 

AfodoJ(T)  =^<(A*i)^> 

j  TVAR 

TIME  VARIANCE 

0^(T)  =  1<(A^J)"> 

6 
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Table  3.  The  coefficients  needed  to  translate  from  the  time  domain  to  the  frequency  domain. 


NOISE  TYPE 

Sy(f) 

S.(0 

White  PM 

3fh^ 

'ofk 

Flicker  PM 

A 

3.37  ‘  ^ 

White  FM 

2  [t'o*(T)l  /• 

[T-‘o^(T)]/-^ 

(2«)^ 

Flicker  FM 

—  iT®oi(x)]  /'* 
2ln2  * 

(2K)^«n2 

Random  Walk  FM 

[t-'aj(t)]  /-^ 

(2n)^ 

(2n)411 

A  =  1.038  +  3fn(2T4T) 


Table  4  shows  in  some  detail  the  kinds  of  noise 
processes  that  are  associated  with  various  areas  of 
application.  The  table  also  shows  which  of  the  three  time 
domain  measures  is  most  appropriate  for  each  particular 
application.  We  show  the  five  different  types  of  power- 
law-spectra  and  the  ranges  of  applicability.  These  ranges 
include  those  for  precision  oscillators,  for  time  distribution, 
network  and  comparison  systems.  From  this  table  it  is 
easy  to  see  why  MVAR  and  TVAR  are  better  measures 
than  AVAR  for  time  distribution,  network  and  comparison 
systems.  On  the  her  hand,  AVAR  estimator  of  frequency 
changes  for  white  noise  FM  processes.  This  is  important 
fc;  commercial  rubidium,  cesium  and  for  passive  hydrogen 
masers.  AVAR  is  also  simpler  to  compute  and  is  typically 
more  intuitive  than  the  other  two  variances.  It  nicely 
covers  the  range  of  applicability  for  precision  oscillators 
except  for  the  ambiguity  problem  in  differentiating  between 
white  PM  and  flicker  PM.  This  is  only  a  problem  for 
short-term  stability  in  the  case  of  active  hydrogen  masers 
and  quartz  crystal  oscillators.  In  addition,  krayfr)  is 
unbiased  and  useful  measure  of  time  error  of  prediction 
over  the  interval  r.  The  constant  k  depends  on  the  power- 
law  noise  type,  but  is  nominally  equal  to  1.  [15] 


The  five  power-law  processes  for  the  most  part 
provide  adequate  modeling  for  time  and  frequency 
metrology.  The  higher  values  of  alpha  typically  are  used 
as  models  for  the  short-term  stability  of  clocks  and 
oscillators.  The  lower  ends  of  the  ranges  are  often 
appropriate  models  for  the  long-term  stability  of  clocks  and 
oscillators  as  well  as  for  the  time  distribution,  comparison, 
network  and  measurement  systems.  These  lower  values  of 
alpha  are  often  contaminated  with  diurnal  and  annual 
variations  in  these  systems  causing  them  to  appear  low- 
frequency  dispersive.  Some  time  comparison  systems,  such 
as  GPS  used  in  the  common-view  mode,  are  well  modeled 
by  white-noise  PM  in  the  day-to-day  deviations.  The 
bottom  end  of  the  variance  ranges  are  those  points  where 
these  variances  are  no  longer  convergent.  If  models  were 
needed  with  lower  values  of  alpha  than  those  shown,  then 
variances  with  higher  order  differences  could  be  used,  such 
as  the  Kolmogorov  structure  functions.  [16]  These  three 
measures  are  convergent  for  the  upper  ranges  of  a  and  /3 
(a  >  -h2  or  /3  >  0),  but  only  some  of  the  Fourier 
transform  relationships  have  not  b^n  worked  out.  [2]  This 
is  only  because  these  models  are  not  usual. 


676 


Sigma  Tau  Diagram 


Modified  Allan  Variance 
distinguishes  White  PM. 


time  instability  with  White  PM 


0  2  4  6  8 


log  4 

Figure  12,  13  and  14.  These  three  figures  are  example 
plots  for  the  square  root  of  AVAR,  MVAR,  and  TVAR, 
respectively.  The  sensitivity  of  these  variances  to  the  five 
power-law  spectral  density  processes  illustrated  in  figure  1 1 
are  depicted.  Notice,  that  the  slope  on  the  Oyir)  plot  is  the 
same  for  white-noise  PM  as  for  flicker-noise  PM  (-1;  f  =  - 
2).  Notice  also,  that  it  is  easier-visually-to  distinguish 
between  white  phase,  flicker  phase  and  random  walk  phase 
on  a  plot  than  from  a  ModuyCr)  plot.  The  slope 
changes  are  more  dramatic  to  the  eye.  TTiese  three  noise 
processes  are  particularly  useful  models  for  systems  where 
time  measurements  are  important. 


Table  4.  The  kinds  of  noise  processes  that  are  associated 
with  various  areas  of  application.  We  also  see  which  of 
the  three  time  domain  measures  is  most  appropriate  for 
each  particular  application. 


cioisc  lype , 


Kange  01  Applicability 
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Conclusion  and  Summary 

Over  the  last  few  years,  the  need  for  a  measure  of 
time  stability  has  become  apparent.  A  search  of  the 
literature  reveals  that  the  classical  measures  (standard 
deviation,  mean  and  variance)  have  lead  to  confusing  and 
often  misinterpreted  conclusions.  A  measure,  TVAR,  is 
shown  to  have  the  attributes  needed  for  characterizing  the 
random  processes  in  systems  where  time  stability  or  phase 
stability  is  important.  TVAR  was  compared  with  and 
contrasted  to  the  other  two  previously  developed  time- 
domain  statistical  measures.  The  need  for  the  three 
measures  is  also  explained. 

In  particular,  we  have  discussed  how  these  three 
measures  are  appropriate  for  frequency  standards,  clocks 
and  their  associated  measurement  and  distribution  systems. 
We  have  shown  how  these  measures  can  be  used  to 
determine  the  five  noise  processes  that  dominate  most  of 
the  systems  of  interest  in  this  paper.  However,  we  have 
also  examined  these  measures  from  a  frequency-domain 
point  of  view  and  have  shown  how  each  measure 
corresponds  to  a  particular  transfer  function.  This 
procedure  reveals  the  way  time  domain  measures  treat  the 
various  noise  processes  from  a  frequency  domain  point  of 
view.  It  also  provides  a  link,  for  those  more  accustomed 
to  working  in  the  frequency  domain,  to  the  time  domain 
measures  which  are  frequently  employed  by  the  time  and 
frequency  community. 
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Abstract 

This  paper  will  report  recent  progress  in  high  stability 
fiber  optic  distribution  of  frequency  and  timing  reference 
signals.  It  will  give  today’s  state-of-the-art  performance  at 
100  MHz,  1  GHz,  and  8.4  GHz  for  these  systems.  It  will 
also  describe  system  hardware  and  discuss  cost- 
performance  tradeoffs  and  future  developments. 

Introduction 

State-of-the-art  frequency  standards  provide  accurate  and 
stable  frequency  and  time  references  needed  for  location 
and  navigation  of  distant  spacecraft  and  for  precise 
geographic  and  geodynamic  measurements  using  Very 
Long  Baseline  Interferometry  (VLBI),  and  Connected 
Element  Interferometry  (CEI). 

The  high  cost  of  frequency  standards  makes  it  impractical 
to  provide  one  for  each  user  at  a  complex.  The  alternative 
is  to  distribute  the  reference  signal  generated  by  a 
centrally  located  frequency  and  timing  standard  facility  to 
all  of  the  users  in  a  complex. 

Over  the  last  two  decades  engineers  have  tried,  using 
various  technologies  and  schemes,  to  develop  a  means  for 
high  stability  transmission  of  frequency  references  over 
distances  up  to  a  few  tens  of  kilometers'*^.  For  various 
reasons,  none  of  the  technologies  were  found  to  be 
practical  until  the  introduction  of  fiber  optics  in  the  late 
1970’s. 

Since  its  introduction  much  progress  has  been  made  in  the 
development  of  high  stability  analog  fiber  optic  frequency 


'  Tbi*  work  repreienu  the  retulU  of  one  phase  of  research  carried  out 
at  the  Jet  Propulsion  Laboratory,  California  institute  of  Technology, 
under  contract  sponsored  by  the  National  Aeronautics  and  Space 
Administration. 


reference  distribution  systems.  Previous  papers  have 
reported  on  past  progress  in  the  development  of  these 
systems^'".  This  paper  will  bring  the  user  community  up 
to  date  on  recent  developments. 

For  comparison,  this  paper  will  give  the  performance  of 
a  1986  fiber  optic  frequency  reference  distribution  system 
and  the  performance  of  today’s  state-of-the-art  systems.  It 
will  also  describe  a  lower  cost,  lower  performance 
distribution  system  for  the  user  who  does  not  need  full  H- 
maser  stability.  Finally,  the  paper  will  discuss  future  fiber 
optic  system  developments  and  their  potential  impact  on 
systems  which  use  high  stability  frequency  reference 
distribution. 

Progres.s  In  Fiber  Optic  Frequency  Reference 
Distribution 

Fig.  1  is  a  block  diagram  of  a  typical  fiber  optic 
transmitter  to  be  used  for  high  stability  applications,  such 
as  transmission  of  reference  frequency  signals.  An 
electrical  signal  is  applied  to  the  input  of  the  transmitter 
module  where  it  is  added  to  a  constant  bias  current 
flowing  through  the  semiconductor  laser.  The  resultant 
time  varying  current  in  the  laser  diode  generates  an 
amplitude  modulated  (AM)  optical  signal.  This  optical 
signal,  emitted  by  the  laser,  passes  through  an  integral 
optical  isolator  (not  shown)  which  is  contained  in  the 
transmitter  module  and  then  through  an  optical  fiber  to  an 
external  optical  isolator. 

From  the  external  isolator  the  signal  passes  through  a 
variable  optical  attenuator  which  limits  the  optical  output 
power.  This  attenuator  is  needed  in  short  links  because 
the  output  power  of  some  transmitters  may  exceed  the 
damage  threshold  of  the  receiver.  The  optical  signal 
having  passed  through  the  variable  optical  attenuator 
enters  another  optical  fiber  and  then  passes  through  an 
optical  bulkhead  connector  and  into  a  fiber  optic  cable 
which  carries  it  to  the  receiver. 
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Figure  1.  Block  diagram  of  a  state-of-the-art  analog  fiber 
optic  transmitter. 


Fig.  2  is  a  block  diagram  of  a  typical  fiber  optic  receiver. 
The  optical  signal  from  the  fiber  optic  transmitter  enters 
the  receiver  module  through  a  fiber  optic  bulkhead 
connector  and  an  optical  fiber  pigtail.  In  the  receiver 
module  the  optical  signal  is  applied  to  a  photodiode 
detector  which  converts  it  back  to  an  electrical  signal 
which  is  a  reproduction  of  the  electrical  signal  applied  to 
the  input  of  the  optical  transmitter. 


_  OPTICAL  INPUT 
FROM  FIBER  OPTIC  TRANSMITTER 


The  differential  stability  of  this  link  was  1  X  for 
l.CXX)  seconds  averaging  time,  about  the  same  as  the 
stability  of  a  reference  signal  generated  by  a  H-maser 
frequency  standard".  However,  the  differential  frequency 
stability  of  the  14  km  fiber  optic  link  for  1  second 
averaging  time  was  about  4  times  worse  than  a  H-maser 
signal  for  the  same  averaging  time  because  of  inadequate 
Signal-to-Noise  Ratio  (SNR)  resulting  from  signal  loss 
over  this  long  distance.  When  the  link  length  was  reduced 
to  10  meters  the  SNR  improved  resulting  in  improved 
short  term  frequency  stability  about  1.7  times  better  than 
a  H-maser  signal  for  1  second  averaging  time. 
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Figure  3.  The  Allan  deviation  of  a  1986  vintage  analog 
fiber  optic  link. 


Figure  2.  Block  diagram  of  an  analog  fiber  optic  receiver. 

The  electrical  signal  thus  recovered  is  amplified  in  an 
amplifier  internal  to  the  receiver  module,  an  external 
amplifier,  or  a  combination  of  internal  and  external 
amplifiers.  In  the  best  optical  receivers  there  is  a 
matching  network  between  the  photodiode  detector  and  an 
internal  amplifier.  The  matching  network  in  effect  lowers 
the  equivalent  input  thermal  noise  floor  of  the  receiver. 
The  gain  of  the  internal  amplifier  is  chosen  such  that  it 
will  not  saturate  when  large  optical  signals  are  applied  to 
the  receivers  input.  For  optical  signals  smaller  than  the 
maximum  signal  an  additional  external  amplifier  is 
needed.  The  gain  of  this  external  amplifier  is  often 
adjustable  to  compensate  for  various  input  optical  signal 
levels. 


The  degradation  to  a  H-maser  frequency  reference  signal 
transmitted  over  14  kms  with  this  1986  vintage  fiber  optic 
link  was  small  when  the  output  signal  was  filtered  with  a 
phase  locked  loop  having  a  1  Hz  bandwidth. 

Close-to-carrier  (CTC)  phase  noise  was  found  to  be 
inconsistent  in  these  early  analog  fiber  optic  links.  This 
problem  was  traced  to  optical  reflections  in  the  link  from 
various  sources.  If  reflected  light  was  permitted  to  enter 
the  laser  it  resulted  in  increased  (CTC)  phase  noise  as 
well  as  increased  amplitude  noise.  Reflections  as  low  as 
-100  dBmo  entering  the  laser  can  increase  the  CTC  phase 
noise. 

The  abbreviation  dBmo  refers  to  optical  power  level 
relative  to  1  milliwatt,  and  dBme  refers  to  electrical 
power  level  relative  to  1  milliwatt.  Likewise,  dBo  is  an 
optical  power  ratio  and  dBe  is  an  electrical  power  ratio. 


Figure  3  gives  the  results  of  measurements  of  differential 
frequency  stability  of  a  1986  vintage  fiber  optic  frequency 
reference  distribution  link  tested  over  a  14  km  distance. 


Prior  to  1989  manufacturers  of  lasers  for  analog  fiber 
optic  systems  attempted  to  minimize  noise  resulting  from 
reflections  by  reducing  optical  reflections  from  connectors 
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and  other  con^nents  to  less  than  -60  dBo.  Measurements 
made  at  JPL  proved  this  to  be  inadequate  for  some 
systems  requiring  very  low  CTC  phase  noise,  such  as 
those  used  for  reference  frequency  d'ctribution.  Some 
manufacturers,  responding  to  the  needs  of  users,  began  to 
install  integral  optical  isolators  in  their  laser  packages  in 
1989.  Today  lasers  with  integral  optical  isolators  having 
>  30  dBo  isolation  are  the  norm  for  amplitude  modulated 
analog  fiber  optic  systems. 

Even  though  lasers  with  integral  optical  isolators 
improved  the  laser  noise  considerably,  the  30  dBo 
isolation  they  provide  is  still  not  adequate  for  critical 
applications.  An  additional  external  optical  isolator  having 
>30  dBo  isolation  and  very  low  back  reflection,  <-6S 
dBo,  is  needed  to  achieve  the  lowest  CTC  phase  noise. 

Fig.  4  is  a  plot  of  double  sideband  CTC  phase  noise 
versus  frequency  as  a  function  of  reflected  optical  power 
into  a  semiconductor  laser  transmitter  with  an  integral 
optical  isolator  having  30  dBo  isolation.  The  optical 
power  entering  the  laser  itself  when  a  -34. S  dBmo 
reflection  is  present  is  only  -64.5  dBmo.  The  lower  line 
is  the  measured  phase  noise  when  reflections  were 
reduced  to  a  level  where  further  reduction  had  no  effect 
on  the  CTC  phase  noise. 


Figure  4.  Analog  fiber  optic  link  phase  noise  versus 
reflected  optical  power. 

Furthermore,  it  was  found  that  reflections  from  surfaces 
internal  to  the  laser  package  also  resulted  in  increased 
CTC  phase  noise.  This  CTC  phase  noise  is  generated  by 
interference  fringes  which  occur  in  the  cavity  consisting 
of  the  external  surface  of  the  laser  and  the  surface  of  the 
coupling  lens  when  the  laser  frequency  varies  with 
temperature. 


In  Fig.  S,  a  plot  of  relative  group  delay  in  a  fiber  optic 
link  versus  laser  diode  temperature  shows  the  result  of 
this  effect.  The  cyclical  variation  is  due  to  reflections 


Figure  S.  Group  delay  versus  laser  diode  temperature  for 
a  4  km  analog  fiber  optic  link. 

internal  to  the  laser  package.  Based  on  these  findings  the 
suggestions  shown  in  Fig.  6  to  reduce  CTC  phase  noise 
due  to  these  effects  were  made*’. 
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Figure  6.  Suggested  packaging  for  an  analog  fiber  optic 
transmitter. 

After  this  information  was  reported,  Orte!  Corporation  of 
Alhambra,  California  developed  a  proprietary  technique 
to  reduced  internal  reflections  to  a  very  low  <  -90  dBmo. 
This  substantially  reduced  CTC  phase  noise  from  this 
source  in  their  transmitters. 

In  fiber  optic  systems  using  narrow  linewidth  laser 
sources  multiple  reflections  in  the  optical  fiber  also 
generate  increased  CTC  phase  noise.  The  cause  of  this 
noise  is  interference  between  the  forward  signal  and 
reflections  propagating  in  the  forward  direction.  In  these 
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systems  optical  reflections  must  be  kept  to  a  minimum 
even  if  the  laser  is  highly  isolated'^. 

Oriel  Corporation  has  incorporated  low  internal  reflection 
and  an  integral  optical  isolator  into  both  a  low  frequency 
distributed  feedback  (DFB)  laser  and  a  microwave  Fabry- 
Perot  semiconductor  laser.  The  DFB  laser  can  be  directly 
modulated  up  to  1  GHz  and  the  Fabry-Perot  laser  can  be 
directly  modulated  at  frequencies  as  high  as  12  GHz. 

The  results  of  phase  noise  measurements  nude  at  JPL  on 
fiber  optic  systems  using  these  improved  fiber  optic 
transmitters  are  compared,  in  Fig.  7,  to  various  frequency 
sources.  The  phase  noise  shown  for  a  fiber  optic  system 
using  the  DFB  laser  was  measured  at  100  MHz  and 
normalized  to  8.4  GHz.  The  phase  noise  shown  for  a 
fiber  optic  system  using  the  Fabry-Perot  laser  was 
measure  at  8.4  GHz. 
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Figure  8.  Allan  deviation  for  state-of-the-art  fiber  optic 
links  at  100  MHz,  1  GHz,  and  8.4  GHz. 
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Figure  7.  Phase  noise  of  state-of-the-art  fiber  optic  liidcs 
relative  to  various  frequency  sources  and  a  good 
frequency  multiplier. 


In  most  systems,  for  averaging  times  longer  than  a  few 
tens  of  seconds,  frequency  instabilities  due  to  thermal 
effects  predominate.  Cable  delay  variations  resulting  from 
thermal  changes  are  the  major  contributor  of  instability 
for  these  averaging  times.  Low  thermal  coefficient  of 
delay  (0.1  ppm/°C)  fiber  optic  cable,  which  has  recently 
been  developed,  reduces  cable  group  delay  variations  with 
tenqierature  and  greatly  improves  the  long  term  frequency 
stability  of  fiber  optic  links  exposed  to  large  thernul 
variations'*. 

Fiber  optic  cable  stabilizers  have  been  developed  which 
can  reduce  instabilities  below  the  level  achievable  with 
passive  means.  These  stabilizers  can  virtually  eliminate 
diurnal  group  delay  variations  in  long  analog  fiber  optic 
links  used  to  transmit  either  narrow  band  reference 
frequency  signals  or  wide  band  data  signals'^. 


A  Cost  Performance  Tradeoff 


The  Allan  deviation  for  state-of-the-art  fiber  optic  links  is 
shown  in  Fig.  8.  At  100  MHz  the  measurements  were 
made  on  a  fiber  optic  link  using  a  DFB  laser  of  the  type 
described  above.  At  1  GHz  and  at  8.4  GHz  the 
measurements  were  made  on  a  fiber  optic  link  using  the 
Fabry-Perot  laser  described  above.  The  short  term  Allan 
deviations  shown  for  these  fiber  optic  systems  were 
calculated  from  phase  noise  measurements  because  the 
Allan  deviations  are  below  the  noise  floor  of  existing 
Allan  deviation  measurement  systems. 


Table  1  gives  a  cost  breakdown  of  a  state-of-the-art 
analog  fiber  optic  system  with  1  GHz  modulation 
bandwidth  which  is  suitable  for  applications  such  as 
frequency  reference  distribution.  The  prices  given  are 
small  quantity  prices  and  decrease  rapidly  with  volume. 
The  general  price  trend  for  this  equipment  is  down.  As 
sales  volume  picks  up,  over  the  next  few  years,  the  prices 
will  be  reduced  drastically. 

When  these  systems  are  used  for  frequency  reference 
distribution  a  phase  locked  loop  filter  may  be  needed  to 
improve  short  term  phase  noise.  High  quality  commercial 
phased  locked  loop  filters  are  available  for  about  $10,000. 
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Nama 


E-OF-THE-ART  ANALOG  fIBEB  OPTIC  I IMK 


Name 

Ouantity 

Price 

Optical  Transmitter  Modula 

1 

412.645 

Optical  Raceiver  Modula 

1 

6,495 

Optical  Isolator 

1 

1.650 

Connectors 

4 

350 

Bulkhead  Adapters 

2 

60 

Fiber  Optic  Cable  Organizer  Box 

2 

345 

Variable  Optical  Attenuator 

1 

432 

Enclosure 

2 

264 

Amplifier 

1 

1.000 

Transmitter  Power  Supply 

1 

326 

Receiver  Power  Supply 

1 

140 

Miscellaneous  Parts 

600 

Subtotal 

423,107 

Phase  Locked  Loop 

410.000 

Grand  Total 

433,107 

HIGH  QUALITY  COMMERCIAL  ANALOG  FIBER  OPTIC  LINK 

FBier  Optic  Transmitter/Receiver  Pair 

Phase  Locked  Loop 

Grand  Total 

410,000 

410,000 

420,000 

Ttble  1.  A  comparison  of  the  price  of  a  state-of-the-art 
analog  fiber  q;>tic  system  to  a  commercial  fiber  optic 
television  transmission  system  which  can  be  adapted  to 
transmitting  5  MHz  frequency  references  having  Cesium 
stability. 


A  commercial  pulse  frequens^y  modulation  system  sold  by 
Grass  Valley  Group,  Grass  Valley,  California  has  been 
used,  with  a  slight  modification,  at  JPL  and  in  the  NASA 
Deep  Space  Network  (DSN)  for  simultaneous  transmission 
of  a  S  MHz  frequency  reference  and  a  time  code  signal'*. 
Fig.  9  is  a  block  diagram  of  this  system.  Its  differential 
frequency  stability  (Allan  deviation)  when  used  with  a 
clean-iq>  loop  is  given  in  Fig.  10.  Its  phase  noise  is  given 
in  Fig.  11.  The  cost  of  this  system  is  $20,000  including 
the  fiber  optic  link  and  the  phased  locked  loop  filter. 

As  mentioned  previously  the  optical  power  of  some  laser 
transmitters,  when  used  in  a  short  link,  exceeds  the 
maximum  input  optical  power  limit  of  the  optical  receiver. 
For  links  shorter  than  about  10  km  this  excess  power  can 


be  used  to  reduce  the  cost  of  a  transmission  system  by 
using  a  single  transmitter  to  send  a  frequency  reference 
signal  to  several  locations.  Such  a  distinction  system  is 
shown  in  Fig.  12. 


Figure  9.  Block  diagram  of  a  frequency  and  timing 
system  which  uses  a  commercial  fiber  optic  transmission 
system  to  transmit  both  a  time  code  and  a  S  MHz 
frequency  reference. 
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Figure  10.  Allan  deviation  of  the  system  shown  in  figure 
9  compared  to  the  Allan  deviation  of  a  Cesium  frequency 
standard. 
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Figure  11.  Phase  noise  of  the  system  shown  in  figure  9 
compared  to  the  phase  noise  of  a  Cesium  frequency 
standard. 


Figure  12.  Block  diagram  showing  the  use  of  a  single 
fiber  optic  transmitter  to  send  a  frequency  reference  to 
multiple  users. 


Future  Improvements 

Semiconductor  lasers  are  predominately  used  to  convert 
electrical  signals  to  optical  signals  in  today’s  digital  and 
analog  fiber  optic  transmission  systems.  The  maximum 
SNR  of  these  systems,  about  140  dBe,  is  usually  limited 
by  laser  noise.  New  systems  are  being  developed  which 
use  optical  transmitters  consisting  of  semiconductor 
pumped  solid  state  lasers,  such  as  the  Nd:  YAG  laser,  with 
an  external  electro-optic  modulator.  These  systems  will 
have  much  higher  optical  output  power  and  much  lower 
noise. 


one  of  the  new  systems  having  +4  dBmo  optical  output 
power.  Shot  noise  in  this  system  predominates  out  to 
about  25  km.  Without  considering  the  effects  of  optical 
fiber  nonlinearities,  the  SNR  increases  linearly  with 
optical  power  in  the  shot  noise  limited  region,  as  shown 
in  Fig.  14. 
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Figure  13.  A  plot  of  the  predominate  noise  sources  for 
advanced  fiber  optic  systems  now  in  development. 


Figure  14.  A  plot  of  potential  SNR  versus  optical  power 
for  advanced  fiber  optic  links. 


Fig.  13  shows  the  optical  power,  detected  RF  power,  shot 
noise  power  density,  and  thermal  noise  power  density  at 
the  input  to  the  receiver  versus  transmission  distance  for 


The  potentially  higher  SNR  of  these  new  systems  should 
result  in  improved  phase  noise  of  analog  fiber  optic 
transmission  systems  to  the  levels  shown  in  Fig.  IS. 


684 


Improvements  in  the  1/f  noise  region  of  these  systems  is 
uncertain  because  the  mechanisms  for  this  phase  noise  are 
not  well  understood.  However,  active  feedback  should 
give  us  considerable  improvement  in  this  region. 


OFFSET  FREQUENCY  FROM  THE  CARRIER  (log) 


Figure  IS.  A  plot  showing  the  expected  phase  noise  of 
advanced  Fiber  optic  links  now  in  development  compared 
to  various  frequency  sources. 

The  high  stability,  dynamic  range,  and  wide  bandwidth  of 
these  advanced  Fiber  optic  systems,  which  are  now  in 
development,  could  eliminate  the  need  to  transmit 
reference  frequencies  more  than  a  few  feet.  These  Fiber 
optic  systems  could  transmit  the  RF  and  microwave 
signals  directly  from  the  front  end  of  a  receiver,  for 
instance,  to  the  vicinity  of  the  frequency  and  time 
references  for  processing.  Systems  configured  in  this  way 
will  have  better  stability  than  those  which  transmit 
reference  frequencies  to  a  distant  location  and  then  send 
interfrequencies  back  to  a  central  processing  facility  for 
processing. 

Conclusion 

Recent  improvements  in  analog  Fiber  optic  system 
technology  have  resulted  in  substantial  reduction  of  phase 
noise.  The  present  state-of-the-art  phase  noise  of  these 
systems  is  -95  dBe,  in  a  1  Hz  bandwidth,  1  Hz  from  a 
8.4  GHz  carrier.  This  is  much  better  than  the  phase  noise 
of  any  frequency  standard  in  use  today  and  approaches  the 
phase  noise  of  cryogenic  frequency  standards  being 
developed' 

A  cost-performance  tradeoff  has  been  presented  along 
with  a  cost  savings  suggestion  to  use  a  single  Fiber  optic 
transmitter  to  transmit  a  signal  to  several  users 
simultaneously. 


The  phase  noise  performance  of  future  Fiber  optic  systems 
which  use  a  new  optical  transmitter  technology  has  been 
predicted  to  be  25  dB  better  than  today's  state-of-the-art 
Fiber  optic  systems. 
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Abstract 

After  developing  and  evaluating  a 
state-of-the-art  two-stage  L-Band  Di¬ 
electric  Resonator  oscillator  (DRO) , 
more  detailed  information  about  the 
noise  contributions  from  the  individual 
components  needed  to  be  determined. 
Determination  of  the  noise  limiting 
element  in  an  oscillator  is  vital  to  any 
attempted  redesign  of  the  oscillator  to 
reduce  its  absolute  phase  noise.  In  an 
attempt  to  understand  better  the  noise 
performance  of  our  two-stage  DRO,  a 
single-stage  DRO  was  constructed  for 
comparison.  The  results  of  this  investi¬ 
gation  are  presented  in  the  paper. 


In  any  analysis  of  the  predominant 
noise  source  in  an  oscillator,  it  is 
important  to  understand  which  element  is 
expected  to  control  the  noise  spectrum 
in  a  particular  frequency  regime  and 
what  type  of  power  spectral  density  is 
anticipated.  Typically,  in  a  well-de¬ 
signed  oscillator,  at  large  offset  fre¬ 
quencies  from  the  carrier,  the  noise  is 
limited  by  the  loop  amplifier  and  any  of 
the  peripheral  circuitry  external  to  the 
oscillator  loop.  This  region  is  usually 
characterized  by  a  f°  power  spectral 
density.  For  offset  frequencies  below 
this  portion  of  the  spectrum,  there 
typically  is  a  region  of  1/f  power 
spectral  density  which  is  also  generated 
by  the  loop  amplifier  and  peripheral 
circuitry  and  appears  as  a  10  dB/decade 
slope  in  the  phase  noise  plot  of  the 
oscillator.  At  offset  frequencies  less 
than  the  resonator  half  bandwidth,  a 
1/f^  spectral  density  is  observed.  The 
source  of  this  noise  is  two-fold.  First, 
the  conversion  of  1/f  and  white  phase 
fluctuations  in  the  loop  amplifier 
circuitry  will  produce  a  l/f^  spectral 
density  within  the  resonator  half  band¬ 
width.  Another  possible  source  of  1/f^ 
noise  is  short-term  1/f  frequency  fluc¬ 
tuations  of  the  resonator  within  its 


half  bandwidth  [1].  From  this  brief 
discussion  it  becomes  apparent  that  the 
performance  of  the  individual  components 
with  their  1/f^  power  spectral  density 
resulting  in  a  30  dB/decade  slope  in  the 
half  bandwidth  of  the  resonator  is 
critical  for  the  overall  performance  of 
an  oscillator. 

The  tool  most  commonly  used  for 
evaluating  the  noise  performance  of 
components  in  a  system  is  the  residual 
phase  noise  measurement.  This  technique 
allows  the  investigator  to  measure  the 
noise  added  to  a  signal  after  it  has 
been  processed  by  any  two-port  network. 
Noise  added  to  a  signal  is  the  sum  of 
additive  and  multiplicative  noise  and 
has  both  amplitude  and  phase  modulated 
components  [2].  Using  this  measurement 
technique,  the  actual  noise  performance 
of  the  dielectric  resonator  and  L-Band 
BJT  amplifier  can  be  verified. 

Oscillator  Design  &  Temperature 

Pgrf9irff?ngg 

Our  discussion  will  begin  with  a 
brief  analysis  of  the  design  and  temper¬ 
ature  performance  of  the  one-  and  two- 
stage  DROs.  One  can  determine  from 
figure  1  that  the  oscillator  is  based  on 
a  parallel  feedback  configuration.  The 
amplifier  was  designed  by  using  S  param¬ 
eters  and  selecting  appropriate  input 
and  output  matching  networks  [3].  The 
resonant  cavity  structure  is  shown  in 
figure  2.  From  the  top  view  of  the 
cavity,  one  can  see  that  the  dielectric 
resonator  is  positioned  in  the  center  of 
the  cylindrical  cavity  which  corresponds 
to  one-quarter  wavelength  from  the  open- 
circuited  end  of  the  50  ohm  microstrip 
line.  This  configuration  has  two  advan¬ 
tages.  First,  by  positioning  the  di¬ 
electric  resonator  one-quarter  wave¬ 
length  away  from  the  open-circuited  end 
of  the  microstrip  line  one  ensures 
maximum  coupling  of  the  H  field  into  the 
dielectric  resonator.  Secondly,  by 
positioning  the  dielectric  resonator  in 
the  center  of  the  metallic  cavity,  the 
losses  due  to  H  field  Interaction  with 
the  walls  of  the  cavity  can  be  mini¬ 
mized. 
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Once  the  gain  of  the  one-  or  two- 
stage  amplifier  is  measured,  the  height 
of  the  low-loss,  low  dielectric  constant 
spacer  can  be  determined  because  the 
height  of  the  spacer  is  directly  propor¬ 
tional  to  the  insertion  loss  of  the 
dielectric  resonator.  The  height  of  the 
dielectric  spacer  is  selected  so  that  a 
2-3  dB  loop  gain  margin  is  maintained  to 
insure  operation  over  a  wide  range  of 
temperature  and  biasing  conditions.  In 
the  case  of  the  resonator  for  the  2- 
stage  amplifier,  figure  3,  the  insertion 
loss  at  the  center  frequency  for  the 
entire  resonant  structure  was  23.5  dB. 
Given  that  the  gain  of  the  amplifier  is 
27  dB,  there  is  an  excess  loop  gain  of 
3.5  dB.  Similarly  for  the  single-stage 
amplifier,  the  dielectric  spacer  was 
chosen  to  produce  an  insertion  loss  of 
13  dB  in  the  resonator  as  seen  in  figure 
4.  This  provides  2  dB  of  excess  loop 
gain  where  the  single-stage  amplifier 
has  15  dB  of  gain. 

The  loaded  quality  factor,  Q,  of 
the  resonator,  which  is  defined  as  the 
center  frequency  divided  by  the  3  dB 
bandwidth  of  the  decoupled  resonator, 
can  also  be  measured  with  the  network 
analyzer.  Figure  5  shows  the  3  dB  band¬ 
width  of  the  2  stage  resonator  as  102 
kHz,  which  corresponds  to  a  loaded  Q  of 
20,500.  The  results  of  this  two-port 
measurement  for  the  single-stage  resona¬ 
tor  shown  in  figure  6  yielded  a  3  dB 
bandwidth  of  165  kHz,  which  corresponds 
to  a  loaded  Q  of  12,500. 

The  temperature  performance  of  the 
two  oscillators  was  examined  for  com¬ 
pleteness.  Figures  7  and  8  display  the 
center  frequency  stability  as  a  function 
of  temperature  for  the  two-  and  one- 
stage  DROs,  respectively.  Although  very 
similar,  the  frequency  stability  of  the 
single-stage  DRO  was  slightly  better 
with  a  100  ppm  change  over  the  lOOK 
temperature  differential  from  +55'C  to 
-45”C  compared  to  the  130  ppm  change  for 
the  two-stage  oscillator  over  the  same 
temperature  range.  The  RF  power  output 
response  for  the  two  DROs  was  very 
different.  The  two-stage  DRO  had  a 
constant  power  output  with  less  than  a  1 
dBm  change  in  output  power  over  the  lOOK 
temperature  differential  from  +55’C  to 
-45*C  as  seen  in  figure  9.  While  the 
single-stage  DRO  varied  10  dBm  over  the 
same  temperature  range  as  seen  in  figure 
10. 

Residual  and  Absolute  Phase  Hsiss 
Performance 

After  measuring  the  absolute  phase 
noise  of  the  two-stage  oscillator,  the 
question  was  posed:  could  the  oscillator 
be  improved?  This  question  can  be 


resolved  by  performing  residual  phase 
noise  measurements  on  the  2-stage  ampli¬ 
fier  and  dielectric  resonator.  However, 
the  data  obtained  on  the  two-stage  L- 
Band  bipolar  junction  transistor  (BJT) 
amplifier  and  the  2  GHz  dielectric 
resonator  were  inconclusive  because  both 
components  gave  the  system  floor  as 
their  residual  phase  noise.  Therefore, 
it  was  decided  to  build  and  evaluate  a 
single-stage  L-Band  DRO  based  on  the 
two-stage  design  to  determine  if  the 
amplifier  was  the  limiting  factor  in  the 
two-stage  DRO  and  provide  more  insight 
into  the  overall  performance  of  the 
oscillator. 

One  of  the  primary  problems  in 
making  residual  phase  noise  measurements 
is  inadequate  dynamic  range  of  the 
system.  Enhancement  of  the  system's 
dynamic  range  or  equivalently  the  system 
noise  floor  was  achieved  by  building  a 
half-watt  reflection-type  DRO.  The 
block  diagram  of  the  residual  phase 
noise  test  setup  is  shown  in  figure  11. 
The  noise  floor  acquired  at  2  GHz  using 
the  reflection-type  0.5  watt  DRO  is 
given  in  figure  12.  Using  this  high 
power  oscillator  as  the  frequency  source 
in  the  test  setup,  the  residual  noise  of 
the  single-stage  BJT  amplifier  was 
measured  and  the  results  of  this  test 
are  shown  in  figure  13.  Again  the 
amplifier  noise  measurement  is  inconclu¬ 
sive  because  the  data  is  essentially  the 
same  as  the  system  noise  floor. 

When  the  0.5  watt  reflection-type 
DRO  was  used  to  make  the  residual  noise 
measurement  on  the  dielectric  resonator 
it  was  determined  that  the  frequency 
instability  of  the  source  made  it  impos¬ 
sible  to  perform  the  measurement  on  such 
a  high  Q,  narrow  bandwidth  structure. 
Therefore,  the  reflection-type  oscilla¬ 
tor  was  replaced  with  an  HP  8e62A  fre¬ 
quency  synthesizer  and  a  doubler  to 
provide  a  stable  source  for  the  resona¬ 
tor.  The  system  floor  using  this  source 
is  shown  in  figure  14.  It  should  be 
noted  that  the  system  floor  is  only 
shown  out  to  10  kHz  because  after  this 
point  the  source  noise  begins  to  decor¬ 
relate  as  the  offset  carrier  frequency 
nears  the  3  dB  bandwidth  of  the  resona¬ 
tor,  making  the  data  invalid.  Figure  15 
shows  the  residual  noise  measurement  of 
the  dielectric  resonator.  Again  we  see 
that  the  resonator's  residual  phase 
noise  is  essentially  the  same  as  the 
system  noise  floor;  therefore  the  data 
are  inconclusive. 

The  only  conclusive  data  we  ob¬ 
tained  that  indicated  that  the  amplifier 
might  be  the  primary  noise  contributor 
came  from  the  absolute  phase  noise  data. 
The  absolute  phase  noise  measurement 
test  set  up  seen  in  figure  16  was  used 
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for  both  the  1-  and  2-stage  DROs.  The 
measurement  was  made  by  locking  the  155 
MHz  difference  frequency  signal,  derived 
by  downconverting  the  test  DRO  with  a 
low  noise  High-overtone  Bulk  Acoustic 
Resonator  (HBAR)  oscillator,  to  a  Hew¬ 
lett  Packard  (HP)  8662A  frequency  syn¬ 
thesizer  driven  by  an  external  10  MHz 
VCXO.  Figure  17  shows  the  absolute 
phase  noise  data  for  the  two-stage  DRO 
and  Figure  18  shows  the  data  for  the 
single-stage  DRO.  In  a  direct  compari¬ 
son  the  higher  Q  two-stage  DRO  is  ap¬ 
proximately  5  to  7  dBc/Hz  better  than 
the  lower  Q  single-stage  DRO. 

Conclusions  and  Future  Work 

First,  it  should  be  noted  that  the 
measured  data  clearly  demonstrate  the 
low  phase  noise  capability  and  excellent 
frequency  stability  of  the  two-stage,  2 
GHz  DRO.  Residual  and  absolute  phase 
noise  measurements  were  performed  in  an 
attempt  to  determine  the  noise  limiting 
element  of  this  state-of-the-art  2  GHz 
DRO  [4].  Tne  residual  phase  noise  meas¬ 
urements  for  the  components  of  the 
single-  and  two-stage  DROs  were  incon¬ 
clusive  because  they  were  virtually 
indistinguishable  from  the  system  noise 
floor.  A  comparison  of  the  absolute 
phase  noise  performance  of  the  two 
oscillators  did  provide  some  insight 
into  the  noise  performance  of  the  two- 
stage  oscillator.  The  5-7  dBc/Hz  im¬ 
provement  in  the  absolute  phase  noise  of 
the  two-stage  DRO  is  in  agreement  with 
Leeson's  model  for  an  oscillator  whose 
noise  is  limited  by  the  amplifier. 
Leeson's  model  predicts  a  6  dBc/Hz  im¬ 
provement  in  the  absolute  phase  noise  of 
an  oscillator  if  the  oscillator  is 
amplifier  limited  and  the  loaded  Q  is 
increased  by  a  factor  of  two.  This 
result  agrees  with  our  measured  data. 
Our  data  predict  approximately  a  4.2 
dBc/Hz  improvement  in  the  absolute  phase 
noise  of  the  two-stage  oscillator  for 
its  1.63  Q  enhancement  over  the  single- 
stage  DRO.  The  source  of  the  i-3  dBc/Hz 
difference  between  the  calculated  and 
the  measured  data  is  being  investigated. 

In  the  near  future  we  hope  to  build 
a  high  power  BJT  amplifier  to  boost  the 
signal  output  from  our  stable  2  GHz  DRO, 
so  that  we  can  improve  the  system  floor 
of  the  residual  phase  noise  measurement 
test  set.  By  doing  this,  we  hope  con¬ 
clusively  to  determine  the  noise  contri¬ 
bution  of  the  amplifier  and  the  entire 
resonant  structure. 
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2  GHz  Dielectric  Resonator  OsciHatO'  Block  Diagram 
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Figure  i  i  residual  phase  noise  measurement  test  setup 
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ABSTRACT 

A  parallel  feedback  8.3  GHz 
Dielectric  Resonator  Oscillator  (DRO)  is 
designed  by  evaluating  the  residual 
phase  noise  of  the  GaAs  FET  amplifier 
and  the  resonant  structure  (RS) .  The 
resonant  structure  consists  of  two-port, 
dielectric  resonator  coupled  to  50  ohm 
microstrip  lines  housed  inside  a  copper 
cavity.  The  absolute  phase  noise  of  the 
DRO  was  measured  by  using  a  Hewlett 
Packard  (HP)  3047A  phase  noise 
measurement  system.  The  oscillator 
exhibited  a  single  sideband  (SSB)  phase 
noise  of  -67  dBc/Hz  at  100  Hz  offset 
frequency.  The  loaded  Q  of  the  RS  was 
measured  to  be  15,000  at  room 
temperature.  The  in-house  fabricated 
specially-designed  GaAs  FET  amplifier 
exhibited  a  SSB  residual  phase  noise  of 
-150  dBc/Hz  at  a  1  kHz  carrier  offset 
frequency.  The  loaded  Q  of  the  resonant 
structure  and  the  residual  noise  of  the 
GaAs  FET  amplifier  was  measured  again  at 
liquid  nitrogen  temperature  (77K) .  The 
loaded  Q  of  the  RS  at  77K  more  than 
doubled  but  the  residual  phase  noise  of 
the  amplifier  degraded  by  as  much  as  45 
dBc/Hz  at  10  Hz  carrier  offset 
frequency. 


INTRODUCTION 


The  Dielectric  Resonator  Oscillator 
(DRO)  operating  at  8.3  GHz  reported  in 
this  paper  has  been  shown  to  have 
excellent  phase  noise  and  temperature 
stability.  Systems  operating  at  X 

through  Ku  band  frequency  ranges  with 
stringent  performance  requirements  can 
benefit  from  this  specially  designed, 
high-performance  DRO.  System  designers 
now  have  the  option  of  selecting 
fundamentally  operated  high  frequency 
DROs  (5-10  GHz)  without  sacrificing  the 
critical  performance.  DROs  will  play 
very  important  roles  in  future  military 
and  commercial  system  because  of  their 
simple  construction,  small  size,  high 
efficiency,  low  cost,  spurious-free  RF 
output  spectrum,  and  gocJ  reliability. 


OSCIUATPR  design.  CONSTRUCTION 
MC  PERFORMANCE 

A  sinusoidal  oscillator  circuit  can 
be  classified  as  a  two-port  active 
device  with  a  two-port  passive  network 
in  a  feedback  configuration  or  a  one- 
port  active  device  in  parallel  with  a 
one-port  passive  network.  In  order  to 
sustain  sinusoidal  oscillations, the 
system  transfer  function  must  contain  a 
pair  of  poles  located  slightly  in  the 
right-half  complex  plane.  When  dc  power 
is  applied,  the  noise  will  give  rise  to 
a  growing  sinusoidal  output  voltage 
which  will  eventually  be  limited  by  the 
circuit's  nonlinearities.  When  the  poles 
are  relatively  close  to  the  complex 
axis,  the  nonlinearities  observed  will 
be  small.  When  the  poles  are  placed  far 
into  the  right-half  plane,  the 
nonlinearities  observed  will  be  quite 
large  due  to  large  loop  gain. 

Figure  1  shows  a  block  diagram  of  a 
transmission-mode  dielectric  resonator 
stabilized  feedback-loop  oscillator 
design.  The  analysis  of  basic  feedback 
type  of  circuitry  was  first  given  by 
Leeson  [1].  The  feedback-loop  oscillator 
configuration  allows  the  circuit 
designer  to  isolate  faulty  components  by 
measuring  the  residual  pt'se  noise  of 
the  components  before  the  components  are 
employed  in  the  oscillator  circuit.  The 
flicker  of  frequency  noise  (30dB/decade) 
originating  as  a  result  of  flicker  of 
phase  noise  in  the  oscillator  resonator 
and/or  amplifier  can  be  estimated  using 
the  formula  given  in  ref.  [2].  Because 
of  the  above  circuit  advantage,  we  have 
chosen  the  feedback  DRO  as  our  approach 
for  fabricating  X-band  frequency 
sources.  The  top  view  of  a  two-port 
resonant  structure  is  shown  in  Figure  2. 
The  two-port  resonant  structure  and  the 
amplification  stages  are  described  in 
the  following  paragraph. 

The  resonant  structure  shown  in 
Figure  2  consists  of  a  zero  ppm/*C 
dielectric  resonator  (DR)  procured  from 
Murata  Erie,  Inc.  The  resonator  is 
housed  inside  a  critically  dimensioned 
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copper  cavity.  Coupling  is  achieved  via 
50  ohm  microstrip  transmission  lines. 
The  puck  (DR)  position  and  the 
microstrip  line  separation  inside  the 
cavity  was  optimized  to  give  the  highest 
loaded  Q  and  minimum  insertion  loss. 
The  resonant  structure  has  a  loaded  Q  of 
15,000  with  13  dB  of  insertion  loss  at 
room  temperature.  Figure  3  shows  the 
loaded  Q  measurement  data.  A  mechanical 
tuning  screw  was  built  into  the  cavity 
to  provide  tuning  capability.  The  input 
and  the  output  50  ohm  microstrip  line 
was  constructed  on  0.25  mm  (10  mil) 
thick  RT/duroid  board.  The  board  is 
soldered  to  the  bottom  of  the  cavity. 
Residual  phase  noise  measurement  was 
performed  on  the  resonant  structure  to 
see  the  presence  of  1/f  noise.  The  test 
set  up  for  the  noise  measurement  is 
shown  in  Figure  4 .  As  shown  in  Figure 
4,  an  ETDL  DRO  was  used  as  the  frequency 
source  to  obtain  a  decent  system  floor. 
The  system  floor  and  the  residual  phase 
noise  of  the  resonant  structure  are 
shown  in  Figure  5  and  6,  respectively. 

Two  amplifiers  were  needed  to 
overcome  the  insertion  loss  of  the 
dielectric  resonator  and  to  provide 
excess  loop  gain  in  the  feedback 
dielectric  resonator  oscillator.  At 
first  a  single  stage  amplifier  was 
designed  using  a  Fujitsu  FSX52WF  GaAs 
FET.  The  input  and  the  output  matching 
network,  stability,  and  the  gain 
performance  were  analyzed  using  super 
compact  CAD  software.  The  amplifier 
circuit  was  constructed  on  0.25  mm  (10 
mil)  RT/duroid  5880  board.  The 
amplifier  was  biased  at  8  volt  with  100 
mA  of  drain  current.  The  amplifier  was 
stable  and  has  a  gain  of  10  dB  at  8.3 
GHz.  The  input  and  the  output  VSWR  was 
better  than  2:1.  The  residual  phase 
noise  of  the  single  stage  GaAs  FET 
amplifier  was  measured  using  a  HP  3047A 
phase  noise  measurement  system.  The 
measurement  test  setup  is  shown  in 
figure  4.  The  amplifier  exhibited  a  SSB 
residual  phase  noise  of  better  than  -150 
dBc/Hz  at  a  1  kHz  carrier  offset 
frequency.  The  measured  phase  noise 
plot  is  shown  in  Figure  7.  After 
characterizing  the  amplifier  and  the 
resonant  structure  the  complete 
oscillator  was  fabricated  on  RT/duroid 
5880  board.  Phase  trimming  was 
necessary  to  start  the  oscillator. 

Due  to  lack  of  a  second  source  with 
VCO  capability,  the  absolute  phase  noise 
of  the  8.3  GHz  DRO  was  measured  by  down 
converting  the  test  DRO  to  95  MHz.  The 
down  conversion  was  achieved  by  mixing 
the  8.3  GHz  DRO  with  a  High-overtone 
Bulk  Acoustic  Resonator  (HBAR) 
oscillator.  Then  the  measurement  was 
made  by  phase  locking  the  95  MHz  down- 


converted  signal  to  an  HP  8662A 
frequency  synthesizer  driven  from  an 
external  10  MHz  VCXO.  The  absolute 
phase  noise  measurement  test  set  up  is 
shown  in  Figure  8.  The  DRO  exhibited  a 
SSB  phase  noise  of  -67  dBc/Hz  at  a  100 
Hz  carrier  offset  frequency.  The  phase 
noise  plot  is  shown  in  Figure  9.  The 
measured  data  are  6-8  dBc/Hz  better  than 
any  other  published  data. 

Frequency  stability  and  RF  output 
power  vs  temperature  were  measured  by 
using  a  computer-controlled  temperature 
chamber.  The  total  frequency  shift  from 
-50'C  to  +20*C  is  only  25  ppm  and  from 
-50'C  to  +50’C  is  65  ppm.  The  frequency 
vs  temperature  plot  is  shown  in  Figure 
10.  The  frequency  vs  temperature 
stability  of  our  free-running  DRO  is 
about  five  times  better  than  available 
production  DRO.  RF  output  power 
variation  over  the  temperature  range  is 
shown  in  Figure  11.  Typical  RF  output 
power  at  room  temperature  is  -«-l5dBm. 


DIELECTRIC  RESONATOR  M  27£ 

Behavior  of  the  resonant  structure 
described  in  figure  2  was  investigated 
at  liquid  nitrogen  temperature.  The 
loaded  Q  of  the  resonant  structure  at 
77K  was  measured  to  be  about  33,000 
which  is  about  2.5  times  better  than  the 
room  temperature  data.  The  insertion 
loss  of  the  resonator  improved  from  13 
dB  at  room  temperature  to  9.5  dB  at  77K. 
Figure  12  shows  the  loaded  Q  measurement 
data  at  77K.  The  total  resonant 
frequency  drift  from  room  temperature  to 
77K  was  less  than  400  )cHz. 


GaAs  ££X  MD  m  AMPLIFIERS  A1  Z2E 

An  attempt  was  made  to  measure  the 
absolute  phase  noise  of  a  9  GHz  DRO  at 
liquid  nitrogen  temperature.  The  9  GHz 
DRO  was  built  to  solve  frequency 
stability  problem  of  a  miniature  beacon 
transponder.  We  were  expecting  to  see 
6-8  dBc/Hz  improvement  in  the  absolute 
phase  noise  at  77K  due  to  loaded  Q 
enhancement  of  the  resonator,  but 
instead  we  saw  spectral  degradation 
during  the  noise  measurement.  At  this 
point  a  decision  was  made  to  measure  the 
residual  phase  noise  of  the  GaAs  FET 
amplifier  at  77K  to  try  to  determine  the 
source  of  the  degradation.  The 
amplifier  was  constructed  on  RT/duroid 
board  using  a  commercially  available 
hermetic  metal/ceramic  package  unmatched 
GaAs  FET.  The  amplifier  circuit  was 
exposed  to  the  environment  during 
measurement.  During  room  temperature 
measurement,  the  amplifier  was  placed 
inside  a  RF  shielded  oven  and  during 
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liquid  nitrogen  temperature  measurement 
the  amplifier  was  placed  inside  a  RF 
shielded  cryogenic  chamber.  The  system 
floor,  the  residual  phase  noise  of  the 
amplifier  at  room  temperature  and  at  77K 
are  shown  in  Figure  13,  Figure  14  and 
Figure  15,  respectively.  The  amplifier 
was  biased  at  8VDC  with  200  mA  of  drain 
current.  The  amplifier  was  completely 
immersed  in  liquid  nitrogen  and  bubbling 
was  observed  during  measurement.  Ko 
attempt  is  being  made  at  this  time  to 

explain  why  the  amplifier  performance 
degraded  at  77K. 

Similar  measurements  were  performed 
on  a  MMIC  2-stage  8.6  GHz  GaAs  FET 
amplifier,  a  8.3  GHz  GaAs  FET  amplifier 
and  a  8.9  GHz  internally  matched  power 
GaAs  FET  amplifier.  In  these  meas¬ 
urements  the  unpackaged  amplifier  was 
surrounded  by  liquid  nitrogen  without 
being  immersed  in  it.  This  arrangement 
was  necessary  to  avoid  bubbling  during 
measurement.  Figure  16  and  Figure  17 
show  the  residual  phase  noise  of  the 
MMIC  amplifier  at  room  temperature  and 
at  77K  respectively.  Figure  18  shows 
the  residual  phase  noise  of  a  8.3  GHz 
amplifier  at  77K.  Room  temperature  data 
for  this  amplifier  is  shown  in  Figure  7. 
Figure  19  and  Figure  20  show  the  phase 
noise  of  internally  matched  amplifier  at 
room  temperature  and  at  77K 
respectively.  In  each  case  the  residual 
noise  of  the  amplifiers  degraded  between 
lOHz  and  100  Hz  offset  frequencies. 

A  2  GHz  BJT  amplifier  was  also 
designed  and  tested  at  77K.  This 
amplifier  circuit  was  constructed  on 
duroid  board  which  was  also  exposed  to 
the  environment  during  measurement.  The 
gain  of  the  BJT  amplifier  dropped  from 
15  dB  at  room  temperature  to  8  dB  at 
77K.  The  amplifier  was  completely 
immersed  in  the  liquid  nitrogen  during 
measurement.  Figure  21  shows  the  system 
floor  at  2  GHz.  Figure  22  and  Figure  23 
show  the  amplifier  residual  phase  noise 
at  room  temperature  and  at  77K 
respectively.  The  1/f  noise  of  the  BJT 
amplifier  at  room  temperature  is  masked 
by  the  system  noise  as  indicated  by  the 
measured  system  noise  floor.  The  phase 
noise  of  BJT  amplifier  at  77K  degraded 
between  10  Hz  and  1  kHz  carrier  offset 
frequencies  with  nominal  bias  condition. 
However,  the  phase  noise  performance  of 
the  amplifier  at  77K  improved  as  the 
bias  condition  was  increased.  The 
result  is  shown  in  figure  24. 

CONCLUSIONS 

The  free-running  8.3  GHz  DRO 
reported  here  exhibits  state-of-the-art 


phase  noise  and  frequency  stability. 
The  oscillator  is  small  in  size,  2.54  cm 
X  2.54  cm  X  2.54  cm  (1  cubic  inch)  and 
offers  a  spurious-free  output  spectrum. 
The  basic  design  of  the  oscillator  is  of 
simple  construction  and  employs  low 
cost  commercially  available  electronic 
components . 

The  loaded  Q  enhancement  of  the 
dielectric  resonator  and  the  noise 
degradation  of  unpackaged  GaAs  FET  and 
BJT  amplifiers  at  77K  has  been  reported. 
Investigations  are  underway  to  explain 
the  phase  noise  degradation  of  GaAs  FET 
amplifier  at  77K. 
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FIGURE  4.  AMPUf  lER/RESONANT  STRUCTURE  RESIDUAL  PHASE  NOISE 
MEASUREMENT  TEST  SET-UP  WITH  SINGLE-SIDED 
SPURIOUS  CAUBRATION. 
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ABSTRACT 

Ultra-high  Q.  X-band  resonators,  used  in  a 
frequency  discriminator  for  stabilization  of  a  low  noise 
signal  generator,  can  provide  a  means  of  obtaining 
significant  reduction  in  phase  noise  levels.  Resonator 
unloaded  Qs  on  the  order  of  500K  can  be  obtained  in  a 
sapphire  dielectric  resonator  (DR)  operating  on  a  low 
order  (i.e.,  TEq|)  mode  at  77K  and  employing  high 
temperature  sup^onducting  (HTS)  films  installed  in 
the  DR  enclosure  covers. 

Rigorous  analysis  for  the  determination  of 
resonator  frequency,  modes,  and  unloaded  Q  have  been 
carried  out  using  mode  matching  techniques.  Tradeoff 
studies  have  been  performed  to  select  resonator 
dimensions  for  the  optimum  mode  yielding  highest 
unloaded  Q  and  widest  spurious  mode  sqjaration.  Field 
distributions  within  the  resonator  have  been  computed  to 
erutble  practical  excitation  of  the  required  mode. 

The  results  of  both  analysis  and  prototype 
device  evaluation  experiments  are  compared  for 
resonators  fabricated  using  enclosures  consisting  of 
conventional,  metal  sidewalls  and  covers  employing 
high  temperature  superconducting  films  as  a  function  of 
cover  (i.e.,  HTS  film)  conductivity. 


INTRODUCTION 

In  a  low  noise,  microwave  signal  generator, 
ouqxit  signal  phase  noise  characteristics  are  largely 
determined  by  generator  reference  oscillator  resonator 
characteristics  including  loaded  Q,  insertion 

*This  work  was  partially  supported  by  DARPA, 
Contract  No.  972-88-C-0050. 


loss,  operating  frequency,  drive  level,  short-term  and 
long-term  frequency  stability,  and  frequency  sensitivity 
to  environmental  stress  [1,2]. 

Figure  I  depicts  the  X-band  microwave  sigtud 
phase-noise  performance  attainable  using:  (1)  a  VHF 
quartz  cryst^  oscillator  followed  by  a  frequency 
multiplier  and  (2)  a  dielectric  resonator  oscillate  (DRO) 
operating  directly  at  the  microwave  frequency.  As 
implied  by  the  figure,  a  tradeoff  exists  with  regard  to 
near-carrier  vs.  noise  floor  spectral  performance.  The 
higher,  relative  noise  floor  level  exhibited  by  the  crystal 
oscillator-multiplier  is  an  unavoidable  consequence  of 
the  phase  noise  sideband  level  increase  cause  by  the 
signal  frequency  multiplication  process.  On  the  other 
hand,  the  higher,  relative  near-carrier  noise  level 
exhibited  by  the  DRO  is  primarily  a  consequence  of  the 
dielectric  resonator  loaded  Q  value  (typically  several 
thousand  at  X-band)  that  is  much  lower  than  that  of  the 
VHF  quartz  crystal  resonator  (1(X),0(X)  at  80  MHz,  for 
example).  In  order  to  simultaneously  achieve  the 
excellent  noise  floor  performance  provided  by  the  DRO 
and  near-carrier  noise  levels  that  are  significantly 
superior  to  that  currently  attainable  using  quartz  acoustic 
resonators,  it  is  necessary  to  utilize  resonators  operating 
directly  at  microwave  frequencies  that  exhibit: 

(1)  loaded  Q  values  in  excess  of  several  hundred 
thousand  and  (2)  acceptably  low  values  of  self-noise  and 
environmental  stress  sensitivities.  The  predicted  phase- 
noise  performance  attainable  through  the  use  of  ultra- 
high  Q  microwave  resonators  is  shown  in  curves  3  and  4 
in  Figure  1. 

The  use  of  cooled,  stgiphire  dielectric, 
microwave  resonators  as  stable,  ultra-high  Q,  frequency 
control  elements  has  been  reported  in  the  literature. 
Resonator  operation  of  high  order  modes  has  resulted  in 
attainment  of  unloaded  Qs  in  the  range  10^  to  10^  at 
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X-band  in  the  liquid  nitrogen  to  liquid  helium 
temperature  range  [3,4].  The  presence  of  closely 
frequency-spaced  multiple  resonant  modes  can 
constitute  a  disadvantage  associated  with  device 
operation  on  a  high  order  mode. 


The  proposed  circuit  mechanizatitNi  for 
utilizing  the  HTS  sapphire  dielectric  resonator,  as  shown 
in  Figure  2,  employs  the  resonator  in  a  microwave 
discriminator.  Ultra-high  resonator  Q  results  in 
achievement  of  high  discriminator  sensitivity,  allowing 
the  detection  of  FM/PM  noise  levels  in  a  microwave 
signal  derived  from  a  conventional,  low  noise  acoustic 
wave  oscillator  multiplier.  As  indicated  in  the  figure, 
the  discriminator  may  be  configured  to  utilize  either  the 
resonator  transmission  or  reflection  response,  or  both 
[S.6].  The  reflection  and/or  transmission  plus  reflection 
schemes  have  the  advantage  of  providing  higher  values 
of  effective  detector  gain.  An  automatic  frequency 
control  (AFC)  feedback  loop  is  employed  for  reduction 
of  oscillator-multiplier  signal  phase  noise. 


Figure  1.  X-Band  Signal  Spectral  Performance  as  a 
Function  of  Resonator  Technology. 

In  a  low  noise,  microwave  signal  generation 
application,  lower  resonator  Qs  (on  the  order  of  SOOK) 
can  provide  improved  signal  spectral  performance, 
compared  to  that  currently  available  using  conventional, 
non-cooled  resonator  technologies.  In  the  case  of 
resonator  uUlization  in  an  AFC  stabilization  feedback 
loop,  the  lower  (but  significant)  Q  may  be  preferable 
from  the  standpoint  of  obtaining  large  loop  correction 
bandwidth.  The  only  resonator  technology  capable  of 
providing  high  values,  small  size,  and  good  mode 
separation  is  a  cooled  stqtphire  dielectric  resonator 
operating  on  a  low  order  mode.  The  loss  tangent  of 
sapphire  decreases  significantly  with  tenroerature  [5], 
from  - 10"^  at  room  temperature  to  ~  10" '  at  77K. 
Attainable  resonator  unloaded  Q  values,  for  low  order 
modes,  at  77  *  K  are  limited  not  by  sapphire  losses  but 
primarily  by  the  surface  losses  of  the  metal  enclosure  in 
which  the  cylindrical,  sapphire  "puck"  is  mounted. 


High  Q  (Reference) 
Resonator 


••Resonator  May  be  Operated  in  Reflection  Mode  as  Well  as 
Transmission  Mode,  or  Both 


Fot  a  conventional,  metal  wall  enclosure, 
resonators  designed  to  operate  on  a  low  order  mode 
exhibit  unloaded  Q  values  at  X-band  of  several  hundred 
thousand.  When  high  temperature  superconducting 
films  are  used  in  the  resonator  enclosure  covers,  the 
resultant  decrease  in  surface  resistance  results  in  of 
unloaded  Q  values  on  the  order  of  1  million.  Q  values 
on  the  order  of  0.5  million  to  1  million  are  adequate  for 
significant  additional  improvement  in  near-carrier  phase 
noise  level.  The  combined  use  of  high  temperature 
superconducting  films  and  cooled  sapphire  dielectric 
technologies  is  the  key  to  obtaining  the  requisite 
resonator  performance. 


Figure  2.  HTS  Resonator  Utilization  in  a  Frequency 
Discriminator  for  AFC  Stabilization  of  an 
External  Oscillator-Multiplier. 

There  are  several  important  advantages 
provided  by  the  AFC  feedback  loop  approach,  compared 
to  resonator  use  directly  in  a  microwave  oscillator.  With 
the  HTS-sapphire  dielectric  resonator  employed  in  an 
X-band  oscillator,  the  oscillator  sustaining  stage  would 
require  a  GaAs  amplifier.  GaAs  amplifier  flicker-of- 
phase  noise  levels  (converted  to  flicker-of-frequency 
noise  in  the  oscillator)  are  20  to  30  dB  higher  than  those 
exhibited  by  the  Schottky  diode  phase  detector 
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employed  in  the  discriminator  approach.  In  addition,  the 
discriminator  does  not  dissipate  DC  power  (as  an 
oscillator  would),  so  that  integration  of  the  non¬ 
resonator  discriminator  components  are  part  of  the 
cooled  resonator  assembly  is  possible,  and  cryocooler 
heat  removal  requirements  are  minimized.  An 
integrated  discriminator  assembly  is  desirable  from  the 
standpoint  of  eliminating  the  need  for  critical  length  RF 
cables  to  traverse  the  cooled/uncooled  interface. 

Finally,  the  ATC  loop  results  in  achievement  of  signal 
phase-noise  reduction  not  only  in  the  final  microwave 
frequency  output  signal,  but  also  in  the  oscillator  and 
multiple  interstage  signals. 


HTS  RESONATOR  DESIGN 

The  structure  of  the  resonator  is  shown  in 
Figure  3.  It  consists  of  a  cylindrical  dielectric  resonator 
of  relative  dielectric  constant  e^],  diameter  d,  and  length 
t,  placed  symmetrically  inside  a  cylindrical  conducting 
enclosure  of  diameter  D  and  length  L.  The  resonator  is 
supported  on  its  ends  by  two  low  loss  foam  discs  of 
relative  dielectric  constant  Cfi,  diameter  D  and  length  G 
each. 


Uwij. 


Figure  3.  Structure  of  the  Resonator. 


Rigorous  methods  for  the  analysis  of  this  type 
of  structure  have  been  recently  developed  [7-1 1].  These 
methods  are  based  on  the  mode  matching  technique  and 
involve  significant  amounts  of  numerical  computations. 
The  method  divides  the  region  within  the  conducting 
enclosure  into  subregions  whose  eigenmode  fields  can 
be  determined  analytically.  In  each  of  the  sub-regions, 
the  electromagnetic  fields  are  expanded  as  a  linear 
combination  of  the  sub-region  eigenmodes  that  satisfy 
Maxwell’s  equations  and  the  boundary  conditions  on  the 
conducting  surfaces.  The  boundary  conditions  at  the 
interfaces  among  the  sub-regions  are  then  introduced. 

By  applying  a  weighted  integrated  criterion  to  the 
equations  expressing  the  boundary  conditions,  an 
infinite  set  of  linear  homogeneous  equations  in  the 
unknown  coefficients  of  the  eigenmodes  is  obtained. 

The  characteristic  equation  for  the  resonant  frequencies 
of  the  structure  is  obtained  by  equating  the  determinant 
of  a  truncated  subsystem  of  N  equations  from  the 
infmite  set,  to  zero.  Once  the  resonant  frequencies  are 
determined  (by  numerical  solution  of  the  characteristic 
equation),  they  are  substituted  back  into  the 
homogeneous  system  of  equations,  which  is  then  solved 
numerically  for  all  the  eigenmode  coefficients  in  terms 
of  one  single  coefficient  The  knowledge  of  the  resonant 
frequencies  and  the  corresponding  eigenmodc 
coefficients  provide  complete  characterization  of  the 
electromagnetic  fields  in  the  structure.  Determination  of 
the  unloaded  Qs  involves  the  calculation  of  the  energy 
(U)  stored  in  the  structure,  and  the  power  (W^)  lost  in 
the  metallic  walls,  the  dielecuic  resonator  and  the 
surrounding  supporting  media.  The  unloaded  Q  is  then 
calculated  from; 

u  U 

„  o 


where  Uq  is  the  resonant  frequency. 

Contribution  to  can  be  separated  for  each 
of  the  enclosure  surfaces  (i.e.,  the  top  and  bottom  planes 
of  enclosure,  and  the  cylindrical  walls),  for  the  resonator 
loss  and  for  the  sui^rting  foam.  This  helps  to 
understand  the  loss  mechanism  and  in  optimizing  the 
structure  parameters  to  obtain  the  highest  Q,  when  HTS 
films  arc  installed  in  the  enclosure  end  planes  (covers). 

The  resonant  electromagnetic  field 
configurations  that  can  exist  on  the  resonant  structure 
shown  in  Figure  3  are: 

(1)  Transverse  electric  modes  (TEq^  modes) 
which  have  no  axial  electric  field  and  its 
fields  have  no  angular  variation. 
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(2)  Transverse  mgnetic  modes  (TMq,,,  modes) 
which  have  no  axial  magnetic  fields  and  its 
flelds  have  no  angular  variation. 

(3)  Hybrid  electromagnetic  modes  (HE,^) 
modes  which  have  both  electric  and  magnetic 
fields  in  the  axial  direction,  and  its  fields  have 
angular  variations  of  sin  (n#)  and  cos  (n^). 

Since  the  objective  of  this  work  is  to  achieve 
high  unloaded  Qs  in  the  10  GHz  frequency  range,  the 
TEq„  modes  which  generally  have  the  highest  Q  values 
were  considered.  In  particular  the  small  volume  TEqj 
mode  DR  is  consider^  in  detail  Figure  4  shows  the 
computed  results  of  the  variation  of  the  resonant 
frequency  at  77K  of  the  TEq|  with  the  end  wall  placing 
G  of  the  enclosure,  where  measured  values  are  indicated 
in  the  figure.  The  total  unloaded  Q  and  the  contributions 
of  the  various  parts  of  the  structure  to  the  unloaded  Q 
are  shown  in  Figures  S  and  6  for  room  temperature  and 
77K,  respectively.  In  these  figures  the  totsd  unloaded  Q 
is  related  to  the  individual  contributions  by: 
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Figures.  Contributors  to  Resonator  Q-Factor  at  Room 

—  -  -i-  +  -i-  +  -i-  +  — i —  Temperature. 
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Figure  4.  Resonator  (TEqj  mode).  Resonant 
Frequency  vs.  End  Wall  Spacing. 


Figure  6.  Contributors  to  Resonator  Q-Factor  at  77K. 
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At  room  temperature  the  total  unloaded  Q  is 
controlled  by  the  dielectric  loss  of  the  sapphire  puck  and 
the  ohmic  loss  of  the  end  walls  (covers).  At  77K,  the 
dielectric  loss  in  sapphire  becomes  small,  and  the  total  Q 
is  controlled  primarily  by  the  ohmic  loss  in  the  end  walls 
and  loss  in  the  solid  foam  sapphire  puck  supports  is  not 
considered.  The  foam  supports  actually  used  to  obtain 
the  measured  Q  values  (Figure  6)  were  not  a  solid,  but  a 
"ring"  structure,  and  the  measured  Q  values  obtained  are 
close  to  the  calculated  "no  foam”  values.  The  difference 
between  calculated  and  measured  Q  values  is  taken  as  a 
measure  of  the  loss  of  the  foam  ring  mounting  structure. 

Examination  of  the  Figure  6  data  indicates  that, 
for  resonator-to-end  plane  distances  less  than  O.S  cm,  the 
primary  limitation  in  attainable  Q  is  due  to  enclosure 
end  walls  losses.  Reduction  of  end  plane  losses  via 
utilization  of  HTS  films  installed  in  the  enclosure  covers 
provides  a  means  of  obtaining  higher  overall  resonator 
Q,  with  additional  Q  increase  obtainable  using  a  lower 
loss  (compared  to  foam)  DR  support  structure.  Figure  7 
shows  attainable  (TEq]  mode)  resonator  Q  values  for 
different  ratios  of  HTS  film  conductivity  (compared  to 
copper)  values. 


G  (mm) 


Figure  7.  Resonator  Unloaded  Q  as  a  Function  of  End 
Plate  Surface  Resistance  and  DR-to-End  Plate 
Dimension. 


HTS  FILM  FABRICATION 

The  YBCO  films  utilized  were  made  by  a 
single  target  sputtering  techniques  which  has  been 
previously  described  [12].  The  substrates  were 
positioned  on  a  quartz  holder  located  90*  off-axis  below 
the  gutter  gun.  There  was  no  bonding  or  clamping  of 
the  substrate  to  the  holder.  The  substrates  were  1 .4  inch 
diameter,  20  mil  thick  LaA103,  and  the  YBCO  films 
were  approximately  300  nm  thick. 

The  particular  films  used  in  this  work  were  too 
large  for  characterization.  Films  made  under  nominally 
identical  conditions  on  large-area  substrates  were  diced 
for  measurement  of  structural  and  superconducting 
properties.  The  films  had  a  c-axis  growth  orientation 
with  an  x-ray  rocking  curve  width  of  0.2  degrees.  They 
grew  epitaxially  with  their  c-axis  normal  to  the  subsuate 
and  with  the  a  and  b  axes  of  YBCO  parallel  to  <100> 
directions  in  the  LaA103  substrate.  Typical 
superconducting  transition  temperatures  were  89-9 IK 
for  resistive  transitions  (R  =  0)  and  88-90K  for 
transitions  measured  by  ac  susceptibility.  The  if  surf^e 
resistance,  R^  was  measured  on  small  chips, 

1/4  *  1/2  inch,  by  a  parallel-plate  resonator  technique 
[13].  At  77K  and  10  GHz,  Rj  varied  from  wafer  to 
wafer  from  0.3  to  1.0  mO  with  variation  across  a  single 
wafer  of  ±10%  [14]. 


HTS  RESONATOR  FABRICATION 
AND  TEST 

The  TEqi  dr  configuration  is  shown  in 
Figure  8a.  The  styrofoam  ring  mounts  are  compressed 
between  the  enclosure  covers  and  hold  the  sapphire  puck 
firmly  in  place.  The  1 .4  inch  diameter  YBCO/LaA103 
disks,  placed  between  the  foam  supports  and  covers,  arc 
held  in  place  with  the  compressed  foam.  Loop  couplers 
are  used  to  excite  and  detect  the  device  resonant 
response,  and  the  degree  of  coupling  was  adjusted  by 
changing  the  orientation  of  the  loop  and/or  the  loop 
penetration  into  the  cavity. 

Liquid  nitrogen  (LN)  was  used  as  the  coolant, 
and  all  measurements  were  made  with  the  unsealed  DR 
assembly  in  contact  with,  but  not  submerged  in,  the  LN 
near  the  bottom  of  a  dewar  enclosure.  The  styrofoam 
plate  of  Figure  8b  was  used  as  a  "Dewar"  for  the 
photograph  and  allows  showing  the  complete  assembly. 

The  magnitude  of  S21,  SI  1 ,  S22,  QL,  and 
frequency  were  measured  using  an  automatic  network 
analyzer  (ANA)  and  synthesized  sweep  generator 
combination.  Coupling  coefficients  and  unloaded  Q 
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values  were  calculated  from  the  ANA  loaded  Q  and 
reflection  loss  measurements.  Most  of  our 
measurements  were  made  at  10.16  GHz  (G  =  2.9  mm). 


(b) 

Figure  8.  (a)  HTS-Sapphire  Dielectric  Resonator. 

(b)  Assembl^  and  Operating  at  T  ~  77K. 


Results  of  initial  measurements  are  listed  in 
Table  1  for  copper  and  for  (two  different  conductivity 
values)  YBCO  end  walls.  Resistance  ratios, 

^s  Cu'^s  YBCO  77K),  are  calculated  from  the 

m^ured’Oy  and  foam  support  ring  mount  loss.  The 
highest  resistane  ratio  was  4.0.  Resistance  ratios  of 


greater  than  10  are  typically  obtained  at  77K  for  snail 
area  films  cut  from  large  wafers. 

R  (Cu) 

3  « 


(YBCO) 

Q  C 
u 

1.0 

102 

2,5 

200 

4.0 

320 

RESONATOR  SHORT  TERM 
FREQUENCY  STABILITY 

In  an  effort  to  verify  that  the  HTS  portion  of  the 
resonators  did  not  contribute  to  excess  resonator  self¬ 
noise,  prototype  resonators  were  tested  at  Ft 
Monmouth,  NJ  using  an  HBAR  (higher  overtone,  bulk 
acoustic  resonator)-based,  X-band  signal  generator 
designed  and  built  by  Westinghouse  for  the  U.S.  Army 
Electronic  Device  and  Technology  Laboratory  [IS].  The 
HBAR-based  source  exhibits  state-of-the-art  phase  noise 
performance  that  is  only  10-lS  dB  poorer  than  that 
predicted  for  the  HTS-sapphire-based  source  (Figure  1). 
The  results  of  these  measurements  are  shown  in  Figure  9 
and  indicate  that,  within  the  resolution  of  the  test 
equipment,  the  HTS-sapphire  resonator  self-noise  level 
is  immeasurable.  The  primary  contributor  to 
instrumentation  noise  level  is  associated  with  low  test 
set  phase  detector  drive  and  resulting  sensitivity 
(70  mvAadian)  rather  than  the  HBAR-based  source 
spectral  characteristics.  This  result  is  significant  and 
encouraging,  especially,  in  light  of  the  relatively  high 
(16  dBm)  level  of  resonator  drive  employed. 

In  addition  to  resonator  self-noise 
measurements,  the  phase  noise  performance  of  low  1/f 
noise,  X-band,  Schottky  diode  phase  detectors  (double 
balanced  mixers)  operated  at  77K  was  also  measured. 
These  tests  were  performed  in  order  to  demonstrate  the 
feasibility  of  cooling  both  the  resonator  and  detector  in 
an  integrated,  frequency  discriminator  assembly  in  order 
to  avoid  the  need  for  critical  length,  RF  coaxial  cables 
traversing  the  cooled/uncooled  interface.  The  results, 
shown  in  Figure  10,  are  also  encouraging  and  show  no 
increase  in  detector  1/f  noise  at  77K. 


CONCLUSIONS 

We  have  shown  that  with  high  quality,  large 
area,  YBCO  films  and  simple,  styrofoam  mounts, 
unloaded,  X-band  Q  values  of  over  2S0  thousand  are 
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atminable  for  TEqj  mode  operalion  of  a  sapphire 
dielectric  resonator,  operated  at  77K.  With 
improvement  in  the  yield  of  HTS  films  with  good 
uniformity  over  areas  of  10  cm^,  unloaded  Q  values 
greater  th^  SOO  thousand  will  be  attainable  from  small 
volume,  TEqi  shielded,  sapphire  dielectric  resotutors. 
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Figure  9.  HTS-Sapphire  Dielectric  Resonator  Noise 
Measurement  Results. 
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Figure  10.  Measured  1/f  Noise  for  WJ  M76HC  Mixer 
(Phase  Detector)  at  Room  Temperature  and 
77K. 
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Abstract 

In  this  paper  the  role  of  time  and  frequency 
standards  in  space  missions  is  briefly  discussed. 
The  present  status  of  the  frequency  and  timing 
capability  in  NASA’s  Deep  Space  Network  is  pre¬ 
sented,  together  with  a  review  of  the  anticipated 
future  requirements.  Based  on  the  future  needs, 
areas  for  futme  development  in  frequency  and 
timing  technology  are  identifled. 


Introduction 

Frequency  and  timing  standards  have  tradition¬ 
ally  played  an  enabling  role  for  space  navigation.  Yet 
an  important  application  of  frequency  and  timing 
standards  is  in  science  experiments  associated  with 
deep  space  exploration.  A  number  of  important  ra¬ 
dio  science  experiments  on  board  deep  space  missions 
have  relied  on  frequency  standards  for  measurement 
of  the  constituents  of  the  planetary  atmospheres,  and 
the  size  of  planetary  ring  particles  [1].  Doppler  track¬ 
ing  experiments  associated  with  planetary  missions 
have  produced  important  data  on  the  gravity  fields  of 
planets,  and  have  made  possible  experimental  search 
for  gravitational  waves  [1]. 

This  paper  will  briefly  examine  the  present  status 
of  frequency  and  timing  in  the  NASA  Deep  Space 
Complex  (DSN).  The  aim  of  the  paper,  however,  is 
to  point  to  the  anticipated  stability  and  spectral  pu¬ 
rity  requirements  of  the  future  DSN  space  missions. 
The  paper  will  explore  and  identify  required  tech¬ 
nological  developments  for  meeting  the  future  space 
requirements. 


•This  work  was  carried  out  at  the  Jet  Propulsion  Labora¬ 
tory,  Ctdifomia  Institute  of  Technology,  under  contract  with 
the  National  Aeronautics  and  Space  Administration. 


Science  Applications  of  Fre¬ 
quency  and  Timing 

The  current  applications  of  ultra-stable  frequency 
and  timing  standards  for  space  science  experiments 
is  predominantly  with  the  use  of  ground  based  equip¬ 
ment.  In  nearly  all  cases  spacecraft  standards  consist 
of  high  quality  quartz  oscillators  that  with  stability 
not  exceeding  parts  in  10^®.  Since  the  attainable 
spectral  purity  is  limited  by  the  signal  to  noise  ratio 
of  the  spacecraft  radio  signals  at  the  antenna,  this 
type  of  standard  is  nevertheless  adequate  for  some 
radio  science  experiments  requiring  spectral  purity. 

The  space  science  use  of  frequency  and  timing 
sources  may  be  divided  in  three  categories.  In 
the  first  group  of  experiments  use  is  made  of  the 
spacecraft  oscillator  (usually  refered  to  as  “USO”, 
or  ultra-stable  oscillator)  to  measure  fluctuations  in 
phase  and  frequency  of  the  signals  emitted  by  the 
spacecraft  and  propagating  through  planetary  atmo¬ 
spheres  or  rings.  The  USO’s  short  term  stability  (less 
them  10  s  averaging  intervals)  is  also  exploited  in  ex¬ 
periments  where  the  acceleration  of  the  spacecraft  is 
measured  to  determine  the  gravity  field  of  planets. 

In  the  second  group  of  experiments  Doppler  track¬ 
ing  data  is  used  to  measure  perturbations  due  to 
external  effects  on  the  velocity  or  the  acceleration 
of  the  spacecraft  during  the  cruise  period.  Notable 
amongst  this  type  of  experiments  is  the  observation 
of  gravitational  waves  [2]  which  rely  on  the  “detec¬ 
tion  antenna”  consisting  of  the  earth-spacecraft  sys¬ 
tem  and  the  radio  link.  In  these  experiments  grav¬ 
itational  waves  will  be  observed  with  a  particular 
signature  on  the  Doppler  link.  Observation  of  grav¬ 
itational  waves  with  such  a  scheme  will  be  a  major 
discovery,  but  is  regarded  extremely  difficult  because 
of  the  minute  size  of  the  expected  effect.  Thus  the 
gravitational  wave  detection  experiments  represent 
the  greatest  challenge  to  the  stability  of  frequency 
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standards  by  requiring  stability  as  good  as  10^^  or 
more  for  averaging  intervals  corresponding  to  the 
round  trip  light  times  of  the  spacecraft-earth  sys¬ 
tem.  Since  atmospheric  propagation  delays  consti¬ 
tute  a  large  source  of  uncertainty  in  Doppler  track¬ 
ing  experiments,  observation  of  gravitational  waves 
with  ground  based  standards  will  probably  not  re¬ 
quire  stability  exceeding  one  part  in  10*^. 

The  last  group  of  experiments  utilize  standards  for 
the  measurement  of  other  fundamental  physical  mea¬ 
surements  and  relativistic  effects  Tb'*se  experiments 
typically  require  ultra-stable  sources  on  board  space¬ 
craft  for  long  term  stability  (greater  than  10^  sec¬ 
onds).  Previous  experiments  of  this  type  have  been 
limited  to  a  red  shift  measurement  by  Vessot  et.  al 
[3]  which  actually  involved  placing  a  hydrogen  maser 
in  a  sub-orbital  trajectory  with  a  Scout  rocket.  A 
recent  experiment  utilizing  hydrogen  masers  and  a 
fiber  optic  distribution  link  has  also  examined  the 
size  of  the  possible  anisotropy  of  the  speed  of  light 
[Ref].  Finally,  a  measurement  of  the  Sagnac  effect 
utilizing  the  Global  Positioning  System  (GPS)  has 
also  been  recently  carried  out  [4]. 

Present  Capability 

The  details  of  the  capability  of  frequency  and  tim¬ 
ing  subsystem  (FTS)  in  the  DSN  has  been  discussed 
in  detail  previously  [5].  Here  we  will  review  briefly 
this  capability  in  connection  with  the  requirements 
of  current  missions,  i.e.  those  recently  launched  or 
approved  for  development.  The  extension  of  the  Voy¬ 
ager  mission  to  include  rendezvous  with  the  outer 
planets  led  to  an  upgrade  of  the  FTS  in  the  DSN.  The 
current  level  of  frequency  stability  is  about  one  part 
in  lO'®  for  averaging  times  of  1000  s,  and  exceeds  the 
requirements  of  the  (recently  launched)  Galileo  mis¬ 
sion  to  explore  Jupiter,  and  for  Mars  Observer  which 
is  expected  to  be  launched  in  1992.  The  requirements 
for  the  spectral  purity,  however,  have  been  more  chal¬ 
lenging.  As  mentioned  above  the  spacecraft  oscilla¬ 
tor  (USO)  is  typically  a  high  quality  Quartz  oscil¬ 
lator.  The  ground  based  oscillator  is  naturally  se¬ 
lected  to  ensure  that  the  spectral  purity  of  the  link 
is  not  degraded.  This  me2ins  that  ideally  the  spectral 
purity  of  the  ground  based  oscillator  should  exceed 
that  of  the  USO  by  about  10  dB.  This  requirement 
has  been  difficult  to  meet  where  the  signal  from  the  5 
MHz  oscillator  is  multiplied  up  to  X-band  (8.1  GHz), 
since  the  multiplication  scheme  r^uses  the  noise  level 
of  the  signal.  The  performance  of  a  high  quality  os¬ 
cillator  in  the  DSN  is  given  in  Table  1,  representing  a 


6  dB  margin  in  the  specified  requirements  of  spectral 
purity  for  Mars  Observer  mission. 

PHASE  NOISE 

5  MHZ 

100  MHZ 

Freq  Offset  (Hz) 

(3Bc 

'Be 

0  1 

“96 
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1 
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-  too 
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-  139 

-1  I3 

100 

-  148 

-  122 

1000 

- 153 

-127 

toooo 

-153 

-127 

100000 

-  154 

-128 

T ab'ni  i  .;<i^ectra>  Purity  Data  for  a  Hign  uu^soty 
Osctnator 


Current  Status  of  the  Technol¬ 
ogy 

While  the  current  capability  of  the  FTS  in  the 
DSN  essentially  can  meet  the  requirements  of  Galileo 
and  Mars  Observer  missions,  requirements  of  the 
Cassini  mission  cannot  be  met  with  the  present  sys¬ 
tem.  Cassini  is  a  mission  for  exploring  Saturn  and 
its  moons  with  a  planned  launch  date  of  1996.  The 
expected  requirement  of  the  frequency  stability  of 
the  C8issini  gravitational  wave  detection  mission  is 
in  the  range  of  4  x  10~*®  for  intervals  longer  than  a 
few  thousand  seconds.  This  level  of  stability  is  not 
achievable  with  the  hydrogen  masers.  Furthermore, 
since  an  upgrade  of  the  communications  frequency 
to  Ka  band  (32  GHz)  is  anticipated  for  Cassini,  the 
current  spectral  purity  of  multiplied  quartz  signals 
is  inadequate,  if  the  same  requirements  of  spectral 
purity  of  Mms  Observer  are  to  be  met. 

The  anticipation  of  these  and  similar  problems 
have  provided  the  impetus  for  the  development  of 
advanced  frequency  standards  at  JPL.  The  Super¬ 
conducting  Cavity  Stabilized  Oscillator  (SCMO)  [6] 
has  been  under  development  to  provide  a  source  with 
35  dB  more  spectral  purity  (at  10  GHz,  1  Hz  from 
the  carrier)  than  the  highest  grade  quartz  oscilla¬ 
tor.  This  steindard  also  has  the  highest  stability  of 
ciny  microwave  standard  at  averaging  intervals  below 
1000  s.  The  latest  measurements  of  the  stability  of 
SCMO  yield  stability  of  3  x  10“'®  from  1  to  1000 
s.  This  level  of  stability  enables  new  science  experi¬ 
ments  with  spacecraft  at  short  light  distances.  Such 
an  experiment  involving  a  search  for  gravitational 
waves  is  planned  for  Galileo  spacecraft  at  its  second 
earth  conjunction. 

A  second  source  for  spectral  purity  has  also  been 
under  development.  The  Sapphire  Phase  Stabilizer 
(SPS)  is  expected  to  perform  at  -70  db//^  at  X  and 
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A'a  band  frequencies  [7].  Here  /  is  the  Fourier  fre¬ 
quency  from  the  carrier.  The  major  attribute  of  this 
cryogenic  oscillator  is  the  ability  to  produce  a  high 
level  of  spectral  purity  at  77  K,,  reiidering  it  a  sim¬ 
pler  instrument  than  SCMO  with  1.56  K  as  the  op¬ 
erating  temperature. 


Improved  frequency  stability  at  longer  averaging 
intervals  is  approached  with  the  development  of  the 
trapped  mercury  ion  frequency  standard  [S].  The 
adoption  of  a  novel  trap  geometry  [9]  for  this  stan¬ 
dard  has  produced  stability  of  rr  =  1  x  10“*^/x/r. 
with  T  the  averaging  interval.  This  performance  has 
been  measured  for  intervals  as  long  as  10“*  s,  where 
the  the  limit  of  stability  of  the  measurement  stan¬ 
dard  (H-maser)  available  at  JPL’s  Frequency  Stan¬ 
dards  Test  Facility  is  reached  [10]. 


The  superior  stability  performance  of  SCMO  at 
short  averaging  intervals  can  be  combined  with 
the  long  term  stability  of  the  trapped  mercury 
ion  standard  to  achieve  improved  performance  at 
all  averaging  times.  This  in  fact  is  the  planned 
upgrade  of  the  FTS  at  the  DSN  for  meeting 
the  requirements  of  Cassini.  Figure  1  depicts 
the  current  and  expected  performance  of  the  fre¬ 
quency  and  timing  subsystem  in  the  DSN  through 
1995.  The  figure  also  includes  the  performance 
of  the  fiber  optic  distribution  link  required  for 
distribution  of  the  reference  frequency  [llj. 


Future  Requirements 

A  number  of  space  missions  for  start  beyond  1996, 
and  through  the  first  part  of  the  21st  century  are 
currently  under  study.  While  the  specifics  of  the 
planned  missions  are  certainly  subject  to  modifica¬ 
tions,  and  their  actual  selection  subject  to  various 
scientific,  economic,  and  political  priorities,  it  is  nev¬ 
ertheless  possible  to  project  the  requirements  of  fre¬ 
quency  and  timing  for  future  space  missions.  These 
projections  will  be  based  on  the  type  of  the  missions 
under  study,  rather  than  the  specific  requirements 
of  a  particular  mission.  The  projections  will  also 
address  the  needs  in  two  other  dimensions,  vu.  the 
anticipated  increase  to  higher  communications  fre¬ 
quency,  including  optical  frequencies,  and  the  desir¬ 
ability  of  higher  performance  space-borne  frequency 
and  time  standards. 

Future  missions  may  be  grouped  in  three  distinct 
areas  with  respect  to  their  frequeiicy  and  timing 
requirements:  those  requiring  improved  navigation, 
those  requiring  frequency  and  time  for  metrology, 
and  those  requiring  frequency  standwds  and  clocks 
as  science  instruments  for  particular  experiments. 
The  first  group  represent  a  number  of  missions  that 
will  include  several  or  clusters  of  spacecraft  and/or 
landers.  All  three  groups  require  improved  frequency 
and  timing  stability,  but  the  major  challenge  to  sup¬ 
port  future  missions  is  the  development  of  ultra  sta¬ 
ble  frequency  and  timing  for  spacecraft  application, 
and  the  development  of  ultra-  stable  standards  at 
optical  frequencies. 

Various  missions  planned  as  precursors  to  manned 
landing  on  Mars  (Mars  sample  return  missions, 
MRSR)  which  involve  landing  and  retrieving  of  one 
or  several  sample  gathering  rovers  on  Mars.  In  many 
of  these  missions  precise  location  of  the  rovers,  for  ex¬ 
ample,  necessitate  improved  navigation  techniques, 
some  of  which  require  improved  clock  performance. 
Clusters  of  spacecraft  also  require  precise  knowl¬ 
edge  of  spacecraft-spacecraft  distance,  and  distance 
to  earth.  Such  navigational  needs  point  to  techniques 
which  utilize  ultra-stable  frequency  and  timing  stan¬ 
dards,  including  those  deployed  on  spacecraft  and 
rovers,  and  those  required  for  optical  communication 
links  in  space. 

A  number  of  future  missions  will  have  stringent  re¬ 
quirements  for  frequency  and  time  standards  in  con¬ 
nection  with  metrology.  In  particular,  imaging  in¬ 
terferometers  planned  for  space  deployment  and  de¬ 
ployment  on  the  moon  require  knowledge  of  distance 
as  long  as  tens  of  kilometers  with  a  precision  of  a 


709 


fraction  of  an  optical  wavelength.  These  and  simi¬ 
lar  interferometers,  such  as  th'  space  microwave  in¬ 
terferometer  for  the  detection  of  gravitational  waves 
represent  major  challenges  for  frequency  and  time 
metrology  in  both  microwave  and  optical  wavelength 
regimes.  In  the  case  of  lunar  interferometer  spec¬ 
trally  pure  and  frequency  stable  optical  sources  for 
hetrodyne  measurement  schemes  will  be  required  for 
deployment  on  the  Moon.  The  moon  also  provides 
an  ideal  clock  bearing  satellite  for  performing  various 
experiments,  including  gravitational  red  shift  mea¬ 
surements. 

Virtually  all  radio  science  experiments  are  ad¬ 
versely  influenced  by  atmospheric  fluctuations  and 
perturbations.  Similarly,  the  quality  of  Doppler 
tracking  data  is  diminished  by  the  atmospheric  prop¬ 
agation  delays.  Planned  Orbiting  VLBI  missions 
require  undegraded  performance  at  frequencies  as 
high  as  100  to  300  GHz.  An  obvious  solution  to 
this  problem,  insofar  as  frequency  standards  are  con¬ 
cerned,  is  to  place  a  stable  standard  on  board  space¬ 
craft.  Space-  borne  standards  enable  either  the 
implementation  of  two-or  multi-way  communication 
links  for  calibration  of  the  atmospheric  perturba¬ 
tions,  or  tracking  from  a  space  based  communica¬ 
tions  platform. 

Observation  of  gravitational  waves  with  laser  in¬ 
terferometers  as  in  the  LAGOS  mission  rely  heavily 
on  the  enabling  role  of  frequency  standards  at  op¬ 
tical  frequencies  with  stability  in  the  range  of  parts 
in  10'*.  These  standards  will  require  deployment  on 
board  spacecrEift  throughout  the  several  years  dura¬ 
tion  of  the  mission.  Other  proposed  relativity  tests 
also  require  stability  in  the  range  mentioned  for  stan¬ 
dards  on  board  spacecraft. 

Conclusions 

The  frequency  and  timing  capability  presently 
existing  in  the  DSN  meets  the  requirements  of  mis¬ 
sions  through  1995.  Cassini  mission  planned  for  1996 
launch  represents  the  first  DSN  mission  requiring  the 
stability  of  new  standards,  the  SCMO  and  the  mer¬ 
cury  ion  standard. 

The  future  need  for  ultra-stable  frequency  and 
timing  standards  for  science  experiments  is  expected 
to  increase  with  increasing  opportunities  to  perform 
science  from  space.  Astrophysical  studies,  planetary 
studies,  and  fundamental  physics  studies  are  but  a 
few  of  the  myriad  of  scientific  diciplines  poised  to 
exploit  various  space  based  bases,  platforms,  and 
spacecraft  planned  for  the  future.  Lunar  and  Mars 


exploration  missions  will  offer  even  more  opportu¬ 
nity  for  space  based  scientific  studies.  Virtually  ail 
space  missions  rely  on  the  enabling  role  of  frequency 
and  timing  standards,  and  while  improved  stability 
has  been  the  major  thrust  of  developments  till  now, 
future  missions  require  space  borne  ultra-stable  stan¬ 
dards  compatible  with  limitations  of  size,  weight, 
and  power  consumption  of  space  missions.  The  need 
for  references  at  100  GHz  to  optical  frequencies  are 
other  challenges  for  future  technology  developments. 
Thus  the  frequency  and  timing  technology  will  con¬ 
tinue  to  play  an  important  role  in  space  exploration, 
which  will  also  provide  it  with  significant  technolog¬ 
ical  challenges  throughout  the  1990’s  and  into  the 
twenty-first  century. 
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FORTY-FIFTH  ANNUAL  SYMPOSIUM  ON  FRHQUENCY  CONTROL 


A  Wide  Range  (550-700  MHz)  Monolithic  Timing  Recovery  Circuit 

E.  M.  Frymoyer  and  B.  Lai 
Hewlett  Packard,  San  Jose,  CA 


ABSTRACT 

A  retiming  technology  has  been  developed  which  enables 
timing  recovery  of  a  pseudorandom  (2^’-l)  data  sequence 
to  be  accomplished  in  a  single  IC  chip  at  high  bit  rates 
(550-700  Mbps).  The  retiming  technology  incorporates 
a  digital  bang-bang  (thermostat  like)  method  to  adjust  the 
on  board  1C  ring  oscillator  to  the  rate  of  the  incoming 
data.  Both  timing  extraction  and  data  regeneration 
(shape  and  phase)  are  accomplished  on  the  same  chip. 

The  retiming  1C  is  realized  in  a  high  speed  (f,>12  GHz) 
silicon  bipolar  process.  For  a  622  Mbps  input  rate,  the 
recovered  timing  has  a  jitter  of  less  than  2  Degrees  phase. 
The  technology  provides  a  recovered  timing  lock  in  less 
than  2  ms.  Performance  of  the  chip  under  a  variety  of 
conditions  including  temperature  are  presented. 


Performance  and  Environmental  Conditions 

Input  Conditions: 

•Signal  level  100  mV  Peak  to  Peak 
•Signal  type —  Data,  pseudorandom  to  2”- 1 
Environment  Conditions: 

•Supply  Voltage  V^^  =-5.2  V 
•Reference  Voltage  V.^^^  ^ 

Process  technology: 

•HPIO,  a  10  GHz  min  f  silicon  bipolar  process 
•  Chip  size  2.8x2.8  mm 
Performance: 

•Retiming  clock  and  inverse  at  600  mV  min 
ECL  levels 

•Retimed  data  and  data  inverse  at  600  mV 
ECL  levels 
•Lockup  time  <  2  ms 

•Jitter  generation  <  8  ps  at  622  Mb/s  with  2”-l 
pseudorandom  data  (test  set  input  jitter  ~4ps) 


Power  Dissipation:  <  1.5  W 

Test  Package:  Special  16  lead  surface  mount 

User  adjustment  required:  NONE 


Block  Diagram  of  Retiming  Circuit 

Don) 


Dta  I  PHASE/ 

FREQUENCY 
DETECTOR 


Clock  Out 


/ 


OF 

VCO 

fo 

Phase/frequency  detector 

•  Samples  incoming  data 

•  Provides  digital  error  signal  to  speed  up  or  slow 

down  the  VCO 

•  Provides  recovered  clock  and  retimed  data 

•  Recovered  clock  is  output  by  VCO. 
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Phase/frequency  detector  operation 


ta  E(iOiih|i 
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A  T  B 


Dynamic  Clock/Data  Behavior 


Clock  and  Data 
Phaaa 


•  Previous  sample  of  Din  is  clocked  lo  FFT  (memory  cell) 

and  provides  retimed  data  out. 

•  FFA  and  FFB  contain  the  current  sample  of  Din  with 

CLK  and  CLK  respectively. 

•  Relative  positions  of  A,  T,  B  provide  lookup  tabic 

information  determining  slow  down  or  speed  up 
of  clock. 


•  Recovered  clock  phase  tracks  phase  variations  of 

incoming  data. 

•  Clock  phase  continues  lo  change  between  data 

transitions  and  dynamically  tracks  the  phase  of 
the  incoming  data. 


VCO  (Ring  Oscillator) 


f«  Af 


•  Error  signal  is  integrated  lo  provide  tracking  of  the 

frequency,  f,  ,  to  the  data  rate. 

•  Error  signal  directly  adjusts  small  bang/bang  time  delay 

providing  tracking  of  the  data  phase. 

•  Total  loop  delay  is  approximately  800  ps  re  622  MHz. 

•  Bang/bang  adjustment  time  is  approximately  3  ps  re 

622  MHz. 

•  Settling  time  after  bang/bang  is  approximately  700  ps  re 

622  MHz. 


Typical  Recovered  Data  Output 


•One  half  bit  time  shift  of  output  data  and  recovered 
clock  relative  to  input  data. 

•Output  data  is  phase  locked  to  recovered  clock. 
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Jitter  Histogram  of  the  Regenerated  Data 


VCO  Range  with  Temperature 


•  Histogram  of  data  eye  provides  measurement  of 

jitter  generation 

•  Measured  Jitter  generation  is  7.5  ps 


Acquisition  Time  of  Retiming  Circuit 


•  Acquisition  time  is  less  than  2  ms  with  39  nF 

external  integration  capacitors  with  622.08 
input  rate. 

•  The  circuit  corrects  at  each  data  transition  toward 

the  incoming  data  rate. 


•  Usable  temperature  range  will  vary  with 
process  variations 


VCO  Range  with  Supply  Voltage  Variation 


FHIGH 

TEMPs25  “C 
BER<10’^ 

FLOW 

4  NOMINAL  *S 

PERCENT  CHANGE  IN  POWER  SUPPLY  VOLTAGE 


N 


•  Typical  usable  range  of  VCO  variation  with 
power  supply  voltage. 
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Applications  of  Digital  Retiming  Technology 


•  Digital  fiber  c^tic  telephone  systems 
SONET  622  Mbps  retiming  with  2*’-l 
pseudorandom  data 

•  Datacom  systems 

High  speed  links  with  M  B/  N  B  encoding 
Example:  600  Mb/s  with  8B/10B 
Synchronization  equipment 

•  Radio  links  employing  pseudorandom  data 
methods 

QAM  systems 
Wireless  data  links 

•  In  conjunction  with  secondary  retiming  technolo¬ 
gies 

Lower  rate  Phase  Locked  Loop  systems 
(demultiplexed) 

SAW  based  methods 


Acknowledgments: 

The  authors  would  like  to  acknowledge  the 
measurements  made  by  Cynthia  Zee,  and  the  packaging 
provided  by  Jay  Dekhordi. 


References: 

1.  Lai,  B.  et  al,  "A  Monolithic  622  Mb/s  Clock 
Extraction  Data  Retiming  Circuit",  IEEE  ISSCC91 
Session  TPM8.7,  February  1991 

2.  Alexander,  J.  D.  H.,  "Clock  Recovery  from  Random 
Binary  Signals",  IEEE  Electron  Letters,  vol  1 1,  pp  541- 
542,  October  1975 


715 


AUTHOR  INDEX 


Allan,  D.W. 

667 

HerNisse,  E.P. 

254,309 

Kusters,  J.A. 

554 

Andersen,  J.W. 

239 

Egan,  W.F. 

629 

Anderson,  A.C. 

460 

Eisner,  F. 

534 

Lai,  B. 

712 

Asahara,  J. 

9 

Eltsufm,  E. 

567 

Lakin,  K.M. 

201 

Aseev,  P.I. 

102 

Erasmus,  J. 

184 

Larionov,  l.M. 

181 

Auld,  B.A. 

222 

Lee,  A. 

477 

Avramov,  I.D 

230 

Fel,  S. 

567 

Lee,  P.C.Y. 

156 

Filler,  R.L. 

398 

Lewis,  L.L. 

521 

Babbit,  R. 

482 

Flory,  C.A. 

544 

Liang,  X-P. 

700 

Bagwell,  T.L. 

452 

Folen,  V. 

467 

Lipeles,  J. 

117 

Bahadur,  H. 

37 

Frank,  A. 

467 

Logan,  Jr.,  R.T. 

508,679 

Ballato,  A. 

22,217,687 

Frymoyer,  E.M. 

712 

Long,  B. 

384 

Bartholomew,  T. 

608 

Fujimoto,  K. 

261 

Lowe,  J. 

645 

Beard,  R. 

608 

Fujishima,  S. 

261 

Lu,  J-Q. 

360 

Benjaminson,  A. 

393 

Lukaszek,  T. 

217,687 

Bergquisi,  J.C. 

534 

Gavaler,  J.R. 

700 

Lutes,  G.F. 

679 

Besson,  R.J. 

431 

Gevorkyan,  A.G. 

562,591 

Lyons,  W.G. 

460 

Bezdelkin,  V.V. 

212 

Giffard,  R.P. 

544 

Bigler,  E. 

222 

Gifford,  A. 

582,608 

Maleki,  L. 

508,572,707 

Blair,  D.G. 

495 

Golan,  G. 

247 

Mallikaijun,  S. 

217 

Bloch,  M. 

330 

Golding,  W.M. 

467 

Manasevit,  H.M. 

477 

Border,  J.S. 

594 

Gouzhva,  Y.G. 

591 

McGowan,  R.C. 

687,693 

Bradaczek,  H. 

114 

Greenstein,  J. 

117 

Meeker,  T.R. 

77 

Braymen,  S.D. 

207 

Greer,  J.A. 

321 

Mizan,  M. 

687,693 

Brendel,  R. 

341 

Groslambert,  J. 

636 

Mizuno,  S. 

124 

Burch,  J.F. 

477 

Grouzinenko,  V.B. 

102,212 

Montress,  G.K. 

321 

Bums,  S.G. 

207 

Gualtieri,  J.G. 

22 

Moss,  F. 

649 

Mourey,  M. 

431 

Cadotte,  R. 

482 

Hamaguchi,  K. 

9 

Muller,  G. 

467 

Capelle,  B. 

58,166 

Haynes,  J.T. 

700 

Mueller,  L.F. 

554 

Capelle,  N. 

137 

Hein,  M. 

467 

Murray,  R.A. 

2 

Carru,  H. 

166 

Hirose,  Y. 

72 

Charuvy,  I. 

247 

Hisadome,  K. 

513 

Nagai,  K. 

9 

Chen,  C.-C, 

500 

Hollenhorst,  J.N. 

452 

Nakamura,  T. 

261 

Clark,  R.L. 

352 

Horwitz,  S.S. 

700 

Nakazato,  M. 

130 

Clayton,  L.D. 

309 

Hu,  R. 

477 

Nemesh,  A. 

626 

Cochet-Muchy,  D. 

58 

Newman,  N. 

452 

Cook,  C. 

640 

Issaev,  V.A. 

181 

Norton,  J.R. 

426 

Croitoru,  N. 

247 

Itano,  W.M. 

534 

Cutler,  L.S. 

452,544 

Oates,  D.E. 

460 

Jackson,  C.M. 

477 

Okazaki,  M. 

124 

Daly,  K.P. 

477 

Jelen,  R.A. 

700 

Olivier,  M. 

636 

DeMarchi,  A. 

544 

Jespersen,  J.L. 

667 

Opie,  D.B. 

467 

D€taint,  J. 

58,137,166 

Joly,  C. 

58,166 

Dick,  G.J. 

491,572 

Parker,  T.E. 

321 

Diedrich,  F. 

534 

Kawashima,  H. 

130,410 

Parzen,  B. 

368 

Djian  F. 

341 

Kihara,  M. 

513 

Peled,  E. 

626 

Dragonette,  R.A. 

586 

Kinsman,  R. 

148 

Petite-Hall,  C. 

477 

Drakhlis,  B.G. 

447 

Klipov,  V.A. 

29 

Phillips,  D.E. 

336 

Driscoll,  M.M. 

700 

Komiyenko,  V.V. 

591 

Philippot,  E. 

166 

Dull,  D.B. 

554 

Kosinski,  J. 

22,217 

Piel,  H. 

467 

Dutka,  J. 

184 

Koyama,  M. 

124 

Powers,  E. 

582 

Dworsky,  L. 

148 

Kursinski,  E.R. 

594 

Prestage,  J.D. 

572 

716 


Rachlin,  A. 

482 

Sone,  H. 

9 

Wdls.  F.L. 

645 

Raizen,  M.G. 

534 

Stebbins,  S. 

608 

Wmg.  H.T.M. 

540 

Rasmussen,  S. 

608 

Stem,  A. 

567,659 

Wang.  R.T. 

491 

Reinhart.  M.J. 

442 

Stewart,  J.T. 

137 

Ward,  R.W. 

254 

Rejent,  J.A. 

266 

St.  John,  D.C. 

477 

Watanabe,  M. 

405 

Ritz,  E. 

222 

Sunaga,  K. 

410 

Weaver,  G. 

384 

Robert,  E. 

341 

Suter,  J.J. 

586 

Weber,  R.J. 

207,364 

Rodichev,  A. 

102 

Weinert,  R.W. 

700 

Rose,  B. 

393 

Taber,  R.C. 

452 

Weiss,  M.A. 

667 

Rose,  D. 

191 

Takemoto,  J.H. 

477 

Wheeler,  P. 

582 

Rubiola,  E. 

636 

Taki,  S. 

9 

Wilber,  W. 

482 

Talvacchio,  J. 

700 

Win.  M.Z. 

500 

Sakharov,  S.A. 

181 

Tiersten,  H.F. 

289,298 

Wineland,  D.J. 

534 

Sakuta,  Y. 

405 

Tjoelker,  R.L. 

572 

Wolf.  S. 

467 

Sang,  E. 

222 

Tobar,  M.E. 

495 

Schneider,  H.-P. 

467 

Tsuzuki,  Y. 

72,360 

Yang,  J.S. 

156 

Schone,  H.E. 

467 

Yankov,  D.Y. 

106 

Schreiter,  S. 

106 

Ueno,  Y. 

418 

Yong,  Y-K. 

137 

Schwartzel,  J. 

58,166 

Seidman,  A. 

247 

Vahala,  K.J. 

539 

Zaki,  K.A. 

700 

Sekine,  Y. 

405 

Vianco,  P.T. 

266 

Zarka,  A. 

58,137,166 

Shadaram,  M. 

508 

Vig.  J.R. 

77 

Zelitzki,  M. 

626 

Sherman,  Jr.,  J.H. 

184 

Vorokhovsky,  Y.L. 

447 

Zheng,  Y. 

58,137,166 

Shimizu,  H. 

418 

Vulcan,  A. 

330 

Zholnerov,  V.S. 

562 

Shmakov,  N.N. 

29 

Zhou.  Y.S. 

~39,298 

Smythe,  R.C. 

117,281 

Wagner,  G.R. 

700 

Zilberstein,  M. 

247 

717 


SPECIFICATIONS  AND  STANDARDS  RELATING  TO  FREQUENCY  CONTROL 


INSTITUTE  OF  ELECTRICAL  AND  ELECTRONIC 
ENGINEERS  (IEEE) 

Order  from:  IEEE  Service  Center 
445  Hoes  Lane 
Piscataway,  NJ  08854 
(201)  981-0060 

176- 1987  (ANSI/IEEE)  Standard  on  Piezoelectricity 

(SH1 1270) 

177- 1966  Standard  Definitions  &  Methods  of 

Measurements  for  Piezoelectric  Vibrators 

180-1986  (ANSI/IEEE)  Definitions  of  Primary 
Ferroelectric  Crystal  Terms  (SHI  0553) 

319-1971  (Reaff  1978)  Piezomagnetic  Nomenclature 
(SH02360) 

1139-1988  Standard  Definitions  of  Physical  Quantities 
for  Fundamental  Frequency  &  Time 
Metrology  (SHI  2526) 

DEPARTMENT  OF  DEFENSE 
Order  from:  Military  Specifications  and  Standards 
700  Robbins  Ave.,  Bldg.  4D 
Philadelphia,  PA  19111-5094 
(215)  697-2667/2179  •  Customer  Service 
(215)  697-1187  to  -1195  Telephone 
Order  Entry  System 

MIL-C-3098  Crystal  Unit,  Quartz,  Gen  Spec  for 

MIL-C-49468  Crystal  Units,  Quartz,  Precision,  Gen 
Spec  for 

MIL-C-24523  (SHIPS),  Chronometer,  Quartz  Crystal 

MIL-F-15733  Filters  &  Capacitors,  Radio  Interference, 
Gen  Spec  for 

MIL-F-18327  Filters,  High  Pas,  Band  Pass 

Suppression  and  Dual  Processing,  Gen  Spec 
for 

MIL-F-28861  Filters  and  Capacitors,  Radio 

Frequency/Electromagnetic  Interference 
Suppression,  Gen  Spec  for 
MIL-F-28811  Frequency  Standard,  Cesium  Beam 
Tube 

MIL-H-10056  Holders  (Enel),  Crystal  Gen  Spec  for 
MIL-0-5531 0  Oscillators,  Crystal,  Gen  Spec  for 

MIL-O-39021  Ovef\  Crystal,  Gen  Spec  for 

MIL-S-49433  Surface  Acoustic  Wave  Devices, 
Bandpass  Filter 


MIL-S-49433(ER)  Surface  Acoustic  Wave  Devices, 
Gen  Spec  tor 

MiL-STD-683  Crystal  Units,  Quartz/Hoiders,  Crystal 

MIL-STD-188-115  Interoperability  &  Performarwe 
Standards  for  Convnunicatlons,  Timing  & 
Synchronization  Subsystems 

MIL-STD-1395  Filters  &  Networks,  Selection  &  Use  of 

MIL-T-28816(EC)  Time  Frequency  Standard, 

Disciplined,  AN/URQ-23,  Gen  Spec  for 

MiL-W-46374D  Watch  wrist:  General  Purpose 

MIL-W-87967  Watch  wrist:  Digital 

GENERAL  SERVICES  ADMINISTRATION 

Order  from:  Naval  Publication  &  Form 
Center  or  General 
Sen/ices  Administration 
Business  Service  Centers 
in  major  U.S.  cities 

FED-STD-1002  Time  &  Frequency  Reference 

Information  in  Telecommunicatfon  Systems 

ELECTRONIC  INDUSTRIES  ASSOCIATION 

Order  from:  Electronic  Industries  Assoc. 

2001  Eye  Street,  NW 
Washington,  DC  20006 
(202)  457-4900 

(a)  Holders  and  Sockets 

EIA-192-A,  Holder  Outlines  and  Pin  Connections 
for  Quartz  Crystal  Units  (Standard  Dimensions  for 
Holder  Types). 

EIA-367,  Dimensional  &  Electrical  Characteristics 
Defining  Receiver  Type  Sockets  (including  crystal 
sockets). 

EIA-41 7,  Crystal  Outlines  (Standard  dimensions 
and  pin  connections  for  current  quartz  crystai 
units-1974). 

(b)  Production  Tests 

EIA-186-E,  (All  Sections),  Standard  Test  Methods 
for  Electronic  Componerrt  Parts. 

EIA-512,  Standard  Methods  for  Measurement  of 
Equivalent  Electrical  Parameters  of  Quartz  Crystal 
Units,  1  kHz  to  1  GHz,  1985. 

EIA/IS-17-A,  Assessment  of  Outgoing 
Nonconforming  Levels  in  Parts  Per  Million  (PPM). 


718 


EIA-IS-18,  Lot  Acceptance  Procedure  for  Verifying 
Compliance  with  the  Specified  Quaitty  Level  (SQL) 
in  PPM. 

(c)  Application  Information 

EIA  Componertis  Bulletin  No.  CB6-A,  Guide  for 
the  Use  of  Quartz  Crystal  Units  for  Frequency 
Control,  Oct  1987. 

(d)  EIA-477.  Cultured  Quartz  (Apr.  81) 

EIA-477-1,  Quartz  Crystal  Test  Methods  (May 
1985). 

INTERNATIONAL  ELECTROTECHNICAL 
COMMISSION  (IEC1 

Order  from:  American  Nat'l.  Standard  Inst. 

(ANSI),  1430  Broadway 
New  York,  NY  10018 
(212)  354-3300 
lEC  PUBLICATIONS 

122:  Quartz  crystal  units  for  frequency  control  and 
selection. 

122-1  (1976)  Part  1 :  Standard  values  and  test 
conditions.  Amendment  No.  1  (1983). 

122-2  (1983)  Part  2:  Guide  to  the  use  of  quartz 
crystal 

units  for  frequency  control  arxi  .selection. 

122-3  (1977)  Part  3:  Standard  outlines  and  pin 
connections.  Amendment  No.  1  (1984) 

122-3A  (1979)  First  supplement. 

122-3B  (1980)  Second  supplement. 

122-3C  (1981)  Third  supplement. 

283  (1 986)  Methods  for  the  measurement  of 

frequency  &  equivalent  resistance  of  unwanted 
resonances  of  filter  crystal  units. 

302  (1969)  Standard  definitions  &  methods  of 

measurment  for  piezoelectric  vibrators  operating 
over  the  frequency  range  up  to  30  MHz. 

314  (1970)  Temperature  control  devices  for  quartz 
crystal  units.  Amendment  No.  1  (1979) 

314A  (1i  )  First  supplement. 

368:  Piezoelectric  Filters. 

368-1  (1982)  Part  1:  General  information,  standard 
values  and  test  conditions. 

368A  (1973)  First  supplement.  Amendment  No.1 
(1977).  Amendment  No.2  (1982). 


368B  (1975)  Second  supplement. 

368-2  Part  2:  Guide  to  the  use  of  piezoelectric  Alters. 

368-2-1  (1988)  Section  One-Quartz  crystai  filters 

368-3  (1979)  Part  3:  Standard  outlines. 

368-3A  (1981)  First  supplement. 

444:  Measurement  of  quartz  crystal  unit  parameters 
by  zero  phase  technique  in  a  s-network. 

444-1  (1986)  Part  1:  Basic  method  for  the 

measurement  of  resonarKe  frequency  and 
resonance  resistance  of  quartz  crystal  units  by 
zero  phase  technique  in  a  n-network. 

444-2  (1980)  Part  2:  Phase  offset  method  for 

measurement  of  motional  capacitance  of  quartz 
crystal  units. 

444-3  (1986)  Pari  3:  Basic  method  for  the 

measurement  of  two-terminal  parameters  of 
quartz  crystal  units  up  to  200  MHz  by  phase 
technique  in  a  n-network  with  compensation  of 
the  parallel  capacitance  Co. 

444-4  (1988)  Part  4:  Method  for  the  measurement  of 
the  load  resonance  frequency  fL,  load 
resonance  resistance  RL  and  the  calculation  of 
other  derived  values  of  quartz  crystal  units,  up 
to  30  MHz. 

463  (1976)  Guide  to  dynamic  measurements  of 
piezoelectric  ceramics  with  high 
electromechanical  coupling. 

642  (1 979)  Piezoelectric  ceramic  resonators  ard 
resonator  units  for  frequency  control  and 
selection.  Chapter  I:  Standard  values  and 
conditions.  Chapter  II:  Measuring  and  test 
conditions. 

679:  Quartz  crystal  controlled  oscillators. 

679-1  (1980)  Part  1:  General  Information,  test 
conditions  &  methods. 

679-2  (1981)  Part  2:  Guide  to  the  use  of  quartz 

crystal  controlled  oscillators.  Amendment  No.  1 
(1985). 

689  (1980)  Measurements  and  test  methods  for  32 
kHz  quartz  crystal  units  for  wrist  watches  and 
starnfard  values. 

758  (1983)  Synthetic  quartz  crystal.  Chaffer  I: 

Specification  for  synthetic  quartz  crystal.  Chapter 
II:  Guide  to  the  use  of  synthetic  quartz  crystal. 
Amendment  No.  1  (1984). 

862:  Surface  acoustic  wave  (SAW)  Alters. 
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862-1-1  (1985)  Part  1:  General  Information,  test 
conditions  arxf  methods. 

862-3  (1986)  Part  3:  Standard  outlines. 


CONSULTATIVE  COMMITTEE  ON  INTERNATIONAL 
RADIO  (CCIR) 

Order  from;  International  Telecommunications  Union 
General  Secretariat  -  Sales  Section 
Place  des  Nations 
CH-1211  Geneva 
SWITZERLAND 

Ask  for  CCIR  17th  Plenary 
Assembly,  Volume  VII,  'Standard 
Frequencies  and  Time  Signals 
(Study  Group  7)*,  which  contains  all 
of  the  following  documents: 


RECOMMEN  lATION  457-1 

RECOMMENDATION  458-1 

RECOMMENDATION  460-4 

RECOMMENDATION  485-1 

RECOMMENDATION  486-1 

RECOMMENDATION  535-1 
RECOMMENDATION  536 
RECOMMENDATION  538 
REPORT  580-2 

RECOMMENDATION  583 
RECOMMENDATION  685 


Use  of  the  Modified 
Julian  Date  by  the 
Standard-Frequency  and 
Time-Signal  Services 

International 
Comparisons  of  Atomic 
Time  Scales 

Standard  Frequency  and 
Time  Signal  Emissions 
[Note:  defines  the  UTC 
system] 

Use  of  Time  Scales  in 
the  Field  of  Standard- 
Frequency  and  Time 
Services 

Reference  of  Precisely 
Controlled  Frequency 
Generators  and 
Emissions  to  the 
International  Atomic 
Time  Scale 
Use  of  the  Term  UTC 

Time  Scale  Notations 

Frequency  and  Phase 
Stability  Measures 
Characterization  of 
Frequency  and  Phase 
Noise 

Time  Codes 

International 
Synchronization  of  UTC 
Time  Scales 


RECOMMENDATION  686  Glossary 
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PROCEEDINGS  ORDERING  INFORMATION 


NO.  I  YEAR  I  DOCUMENT  NO.  |  OBTAIN  FROM*  |  PRICE 

MICROnCUE  /  HARDCOPY 


10 

1956 

AD-298322 

NTIS 

$8.00/ $53.00 

11 

1957 

AD-298323 

NTIS 

8.00  /  60.00 

12 

1958 

AD-298324 

NTIS 

8.00  /  60.00 

13 

1959 

AD-298325 

NTIS 

8.00/.  67.00 

14 

1960 

AD-246500 

NTIS 

8.00/  45.00 

15 

1%1 

AD-265455 

bins 

8.00  /  39.00 

16 

1%2 

AD-285086 

Nns 

8.00/  45.00 

17 

1%3 

AD-423381 

NTIS 

8.00  /  60.00 

18 

1964 

AD-450341 

Nns 

8.00  /  60.00 

19 

1%5 

AD-471229 

Nns 

8.00  /  60.00 

20 

1966 

AD-800523 

Nns 

8.00  /  60.00 

21 

1%7 

AD-659792 

Nns 

8.00/  53.00 

22 

1%8 

AD-844911 

Nns 

8.00  /  60.00 

23 

1969 

AD-746209 

Nns 

8.00/  39.00 

24 

1970 

AD-746210 

Nns 

8.00  /  39.00 

25 

1971 

AD-746211 

Nns 

8.00/  39.00 

26 

1972 

AD-771043 

Nns 

8.00/  39.00 

27 

1973 

AD-771042 

Nns 

8.00  /  45.00 

28 

1974 

AD-A011113 

Nns 

8.00/  45.00 

29 

1975 

AD-A017466 

Nns 

8.00/  45.00 

30 

1976 

AD-A046089 

Nns 

8.00/  53.00 

31 

1977 

AD-A088221 

Nns 

8.00  /  60.00 

32 

1978 

AD-A955718 

Nns 

8.00/  53.00 

33 

1979 

AD-A213544 

Nns 

8.00  /  67.00 

34 

1980 

AD-A2 13670 

Nns 

8.00/  53.00 

35 

1981 

AD- A 110870 

Nns 

16.50/  67.00 

36 

1982 

AD-A130811 

Nns 

8.00/  53.00 

37 

1983 

AD-A 136673 

Nns 

8.00/  53.00 

38 

1984 

AD-A217381 

Nns 

11.00/  39.00 

39 

1985 

AD-A217404 

Nns 

17.00/  53.00 

40 

1986 

AD-A235435 

Nns 

15.00/  53.00 

41 

1987 

AD- A2 16858 

Nns 

15.00/  53.00 

42 

1988 

AD-A217275 

Nns 

15.00/  53.00 

43 

1989 

89CH2690-6 

IEEE 

68.00/  68.00 

44 

1990 

90CH2818-3 

IEEE 

68.00/  68.00 

45 

1991 

91CH2965-2 

IEEE 

68.00  /  68.00 

*NnS  -  National  Technical  Information  Service  •!£££  -  InsL  of  Electrical  &  Electronics 
5285  Poi*  Royal  Road,  Sills  Building  Engineers 

Springfield,  VA  22161,  U.  S.  A.  445  Hoes  Lane 

Tel:  703-487-4650  Piscataway,  NJ  08854,  U.S.A. 

Tel:  800-678-4333  or  201-981-0060 

An  index  to  all  the  papers  in  the  Proceedings  since  1956,  and  other  Symposium  information  are 
available  as  ASCII  files  on  a  5  1/4"  (13  cm)  MS-DOS  format  floppy  disk,  for  $5-,  from  SynergisUc 
Management,  Inc.,  3100  Route  138,  Wall  Township,  NJ  07719. 
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